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CALCULATION OF SUPERSONIC STREAM PARAMETERS OF A REAL GAS
FROM MEASURABLE QUANTITIES USING FORTRAN IV ROUTINES
by Robert C. Johnson

Lewis Research Center

SUMMARY

Two sets of FORTRAN IV routines are presented that calculate flow and thermody-
namic properties of a supersonic stream from measurable quantities. These flow and
thermodynamic properties include velocity, density, enthalpy, entropy, and isentropic
exponent, both in the free stream and behind the normal shock. Two sets of measure-
ments are considered. For one set, these measurements are the stagnation pressure,
the stagnation temperature, and the pressure on the surface of a static-pressure wedge.
For the other set, they are the pressure and temperature in a plenum upstream of the
supersonic nozzle and the stagnation pressure at the exit of this nozzle. These routines
apply to any undissociated gas whose real-gas properties are known. As examples, the
routines are specifically applied to air, nitrogen, oxygen, normal hydrogen, parahydro-
gen, helium, argon, steam, methane, and natural gas.

INTRODUC TION

When the properties of a supersonic stream are to be determined from measured
quantities, there are a number of sets of quantities that can be measured. For example,
one set, which is useful when local stream properties are desired, could be the local
stagnation pressure and temperature and the static pressure on the surface of a cone or
wedge. (The term stagnation refers to total conditions downstream of the normal shock.)
If the supersonic flow issues from a nozzle connected to an upstream plenum, another set
of measurements is useful when the flow from the plenum to the nozzle exit can be con-
sidered isentropic and one dimensional {(e.g., shock-free flow outside of the boundary
layer). These measurements could be the pressure and temperature within the plenum
and the stagnation pressure at the nozzle exit. From these measurements, such stream
properties as Mach number, velocity, density, and temperature can be determined. How-
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ever, since these stream properties are implicity rather than explicitly related to the
measured quantities, iterative procedures must be used to make these determinations.
For the case of a perfect gas, tables and graphs exist that simplify these calculations
(e.g., ref. 1). In this report, a perfect gas is defined as one whose compressibility
factor equals unity and whose specific heat is invariant. This perfect gas is to be distin-
guished from an ideal gas, which like a perfect gas is defined to have a compressibility
factor of unity but, unlike a perfect gas, is defined to have a temperature-dependent
specific heat. In the absence of dissociation, all gases approach this ideal-gas condition
as the pressure is reduced. A nonperfect gas is called a real gas. For a gas such as
air at room temperature and at pressures less than a few atmospheres, the perfect-gas
assumption is adequate, at least for moderate Mach numbers. For gases at high pres-
sures, and/or low temperatures, the perfect-gas assumption is not sufficiently valid for
accurate computations, and real-gas computations should be made. Such calculations
were made in reference 2, where high-pressure nitrogen was used to generate a Mach 3
stream.

In this report, the FORTRAN IV computer routines that were used to make the cal-
culations in reference 2 are presented. In one set of routines, the independent variables
are (1) the pressure and temperature such as would be measured by a stagnation pressure
probe and a stagnation temperature probe and (2) the static pressure that would be meas-
ured on the surface of a wedge. In the other set of routines, the independent variables
are (1) the total pressure and total temperature that would be measured in the subsonic
plenum upstream of the supersonic nozzle and (2) the pressure that would be measured
by a stagnation pressure probe at the exit of the nozzle. These routines apply to the
following gases: air, nitrogen, oxygen, normal hydrogen, parahydrogen, helium, argon,
steam, methane, and natural gas. The sections of the routines that have to do with the
nature of the gas can also be used in conjunction with the routines given in reference 3.
The combined set of routines can then be used to calculate the mass flow rate of these
real gases through subsonic or sonic flow nozzles.

The pressure and temperature ranges for which these routines give accurate results
depend on the pressure and temperature ranges of the state equations used to describe
the behavior of the various gases. These ranges are given in table I for each gas. Gen-
erally, these routines are accurate at very low pressures, as long as the flow is in the
continuum regime and no gas dissociation is present. Continuum flow exists when the
mean free path is small compared to the probe dimensions. Dissociation is most Lable
to occur at high temperatures and low pressures. The lower limit of pressure is gener-
ally set by the criterion of continuum flow; the other limits of pressure and temperature
are set by the range of validity of the state equations. In a supersonic stream, there can
be a large pressure and temperature variation of the gas as it accelerates from a plenum,
where the gas is at rest, to the exit of the supersonic nozzle. These pressures and tem-
peratures should all be within the pressure and temperature ranges prescribed in table I.
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TABLE I. - PRESSURE AND TEMPERATURE RANGES

FOR THE VARIOUS GASES

Gas Pressure range, | Temperature range,
pascal K
Air 100 to 100x10° 150 to 1500
Nitrogen, range I | 100 to 300><105 60 to 400
Nitrogen, range II| 100 to 100x10° 170 to 3000
Oxygen, range I | 100 to 300x10° 60 to 400
Oxygen, range I1 | 100 to 100x10° 180 to 3000
Neormal hydrogen 100 to 100x 105 70 to 600
Parahydrogen 00 to 300><102 13 to 100
00 to 100x10 13 to 400
Helium 100 to 300x10° 5.4 to 400
Argon 100 to 1000x10° 80 to 400
Steam 100 to 1000%10° 273 to 1600
Methane 100 to 400x10° 70 to 600
Natural gas 100 to 100x10° 200 to 400

In addition to such quantities as the free-stream velocity and density, additional
thermodynamic quantities such as enthalpy, entropy, specific heat at constant pressure,
specific-heat ratio, and isentropic exponent are calculated not only for free-stream con-
ditions but also for plenum conditions, stagnation conditions behind the normal shock,
free-stream conditions behind the normal shock, and (when applicable) free-stream con-
ditions behind the oblique shock.

Both sets of routines are in two sections: one section is concerned with the iteration
procedures, and the other section involves the specific behavior of the gas. The itera-
tion routines that apply when the independent variables are the stagnation pressure, the
stagnation temperature, and the static pressure at the surface of a wedge are described
and presented in appendix B. The iteration routines that apply when the independent
variables are the plenum pressure, the plenum temperature, and the stagnation pressure
are described and presented in appendix C. For each of the gases, appendix D describes
and presents the routines that have to do with the specific behavior of the gas.- In addi-
tion, appendix D discusses the state equations that are involved in these routines. The
routines in appendix D are used in conjunction with the routines in either appendix B or
C and can also be used in conjunction with the iteration routines in reference 3 to calcu-
late the mass flow rate of these gases through subsonic or sonic flow nozzles. Appen-
dix E includes sample calculations for a supersonic air stream.

All symbols are defined in appendix A. The International System of Units (S is
used throughout this report, except that appendix E illustrates the conversion from U. 8.
customary units to SI units in a practical example.



ANALYSIS
Basic Relations

The compressibility factor for all the gases involved in this report is given as a
function of density and temperature. Therefore, this analysis requires that such thermo-
dynamic functions as entropy, enthalpy, and specific heat also be expressed as a function
of density and temperature. This involves the following compressibility -factor functions:
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addition, for any real gas, ZI, ZII’ and ZI]I have to be positive.
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In terms of the functions defined by equations (1) to (9), the following thermodynamic
functions can now be expressed in terms of density and temperature:
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Except for some symbol changes, equations (1) to (17) can be found in reference 4. The
compressibility factor and the ideal-gas specific heat for the gases involved in this report
are discussed in appendix D.

Now that the thermodynamic functions given by equations (10) to (17) are in terms of
density and temperature, the procedures for calculating supersonic stream properties
can be discussed. As indicated in the INTRODUCTION, there are two cases considered,
and each one requires a different procedure. In the first case, measurements are made
by a stagnation pressure probe, a stagnation temperature probe, and a wedge-type static-
pressure probe. The quantities represented by these measurements are the total pres-
sure and total temperature downstream of the normal shock (assuming that the recovery
correction is applied to the temperature measurement) and the static pressure downstream



of the oblique shock attached to the wedge. In the second case, the measurements are

the pressure and temperature in the plenum upstream of a supersonic nozzle and the
pressure indicated by a stagnation pressure probe at the nozzle exit. The quantities rep-
resented by these measurements are the free-stream total pressure and total temperature
and the total pressure downstream of the normal shock.

These cases will be discussed separately. A word, first, about the notation. The
subscript 1 refers to free-stream conditions, the subscript 2 refers to conditions down-
stream of the normal shock, and the subscript 3 refers to conditions downstream of
the oblique shock that is attached to the wedge. The second subscript, t, when appended,
refers to total conditions (i.e., conditions that would exist if the gas were brought to rest
isentropically). Thus, a symbol like H2 refers to the enthalpy downstream of the nor-
mal shock, and a symbol like Hz,t refers to the total enthalpy downstream of the nor-
mal shock. The computational procedures for both of these cases invelve solving nonlin-
ear equations or sets of nonlinear equations. The Newton-Raphson iteration procedure is
used in all cases.

Case I - given p2’ £ Tz, i Py and 0. - Since the thermodynamic equations involve

density and temperature rather than pressure and temperature, the following equation is
implicity solved for Py t:
H

pZ,t: p(stt; Tz,t) (18)

Next, there are two equations that relate total conditions to statie conditions downstream
of the normal shock. These are

S(pZ,t; Tz’t) = S(Pz: Tz) (19)

_ 1.2
H(pz,t, Tz’t) = H(pz’ T2) += Uy (20}

2

Then, the energy, momentum, and continuity equations are written for the flow across
the normal shock. These are

1.2 1.2
H(pl, TI) + 3 Ul = H(p2, Tz) + -2. Uy (21)
0y, Ty) + p1U2 = ploo, To) + poU2 (22)
PRy 1)+ pUy = Plogs Tad + poUg

p1Y1 = PaUy 23)

Next, energy, momentum, and continuity equations are written for the flow across
the oblique shock attached to the static wedge whose half-angle is §. These are
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H(p;, T,) + é (U, sin 6)% = H{pg, T4 + é [Ug sin(d - 6)]? (24)

. . 2
p(py> Ty) + py (U, sin 6)2 - plpg, Tg) + pg[ Uy sin(6 - 6)] (25)
pyUy sin 6 = p,Ug sin(d - 5) (26)

Since the tangential velocity just upstream of the shock equals the tangential velocity just
downstream of the shock, there results

U, cos 6 = Uy cos(f - 68) (27

Next, the density and temperature on the wedge are related to the known pressure on the
wedge by

Pg = P(p3: T3) (28)

The number of equations is reduced by using equation (23) to eliminate U2 from
equations (21) and (22) and by using equation (26) to eliminate Us from equations (24),
(25), and (27). Inorder to more clearly distinguish between the known and unknown
quantities, a subscripted variable, Xn, is used to indicate the unknown quantities. These
are defined as follows;

Xp=py X5 = pg
Xo=Ty Xg=Ts
X3 =Py v
Ko = o
7
R
X, =T
4= Ty ,
(U sin 6)
o=t
8

R

When these substitutions are made, the following eight equations result:

S(XS’ X4) - S(pz,t’ Tz, t)

=0 (29)
R R
2
By X Hlgp Tod 1, (%) _, (30)
R R 2 T X3 :



H(X,; X,) ) HX,, X 1y ( e
R R 9 Xy
p(X,, X,) p(X )
3 Xy 1r X9 e x X (=L - 1)= 0
R R
2
H(X5: XG) _ H(X]_: Xz) + l X _}{_1 -1l =0
R R 8 X,
pXs, X)) p(Xy, X5) X
26 L2 XX _.l -1}-0
R R

X
arc sin —-arctan _— =5=0
X5 X7 X

p(Xs5, Xg)  p3
R R

(31)

(32)

(33)

(34)

(35)

(36)

The solution of these equations requires an initial estimate of the X 0 values that is
close to the true )gl values. The initial values used herein are the result of a perfect-

gas solution which is discussed as follows:
Equations (100) and (128) in reference 1 can be combined to yield

-1
P | 4y v/e-1) @ - DY -V gin0 - 1)
p2,t b+ 1)2 n')"/(’)"]-)
where
-2y
=M

The following equation is derived from equation (148 (a)) in reference 1

2y cos{f - §)
y-1

-1 sing [sin (26 - §) -y sin §]
2

These equations are solved for M; and 6. From this, the initial estimates of

(37)

(38)

(39)

n, i



are determined from equations found in reference 1. These estimates are

X3 5= b2, ¢ ( (40)
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(1 +Y - 1 Mg)
2
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| 1
Iy - 1
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,i . 2 2 131 (45)
(M1 sin 8)" +
v -1
{zyl(Mlsme)z-l] [‘Mlsm6)2+ 21]
_ly - y -
2 > 2,1 (46)
(7" 1) (M, sin 6)
v -1
X, . =yM2X 1)
7,1 Y V1%,
X, . = X, , sin0 48)
8,1 7,1



(Egs. {37) to (48) apply only to a perfect gas. The value of y in these equations is
a perfect-gas value. The values assumed for these caleculations are 5/3 for a monatomic
gas, 7/5 for a diatomic gas, and 4/3 for a gas whose molecules contain three or more
atoms.)

With these values of X L, 28 initial estimates, the procedure for solving equations
(29) to (36) usually converges rapidly. At this point, flow properties and thermodynamic
properties can be determined for total and static conditions downstream of the normal
shock, for static conditions downstream of the oblique shock, and for free-stream condi-
tions; however, they cannot yet be determined for total conditions in the free stream.
To do this, the following equations have to be solved:

S(pl,t’ Tl,t) = S(plr Tl) (49)

_ 1.2
H(pl,t’ T]_’ t) = H(Pl’ Tl) + EUI (50)

The initial estimate of p, t and T, ¢ are obtained by assuming the gas to be perfect.
The perfect-gas relations are

P1,t,1= P 8 (51)
T1t,17 Tagt %2)

When these initial values are used, the iteration procedure for solving equations (49) and
(50) converges rapidly. Knowing P1,1 and Tl, ¢ allows the thermodynamic properties
to be determined for free-stream total conditions.

Case II - given pl,t’ Tl,t’ and pz, e - First, the following equation has to be im-

plicitly solved for P1 ¢
H
pl,t: P(P]_’t, Tl,t) (53)

Most of the equations that follow are given in case I, but they are repeated here for con-
venience. The two relations that relate total to static conditions upstream of the shock
are

S(p].,t’ Tl,t) = S(P]_’ Tl) (49)

H(‘Ol,t’ Tl, t) = H(Ply Tl) + U% (50)

[ SR

Next, the energy, momentum, and continuity equations are written for the flow across
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the normal shock.

H(oy» Ty + %Uﬁ = Hlpy, Ty) + gug (21)
2
plogs Ty + p1U7 = Blogs Ty) + 0,05 (22)

Then the relations between total and static conditions downstream of the normal shock are
S(pz’t: Tz’ t) = S(pza Tz) (19)
H( T, )= H(pg To)+LU2 (20)
Po tr 12t P2, *27 T 572
Then the equation that relates the total density and temperature to the known total pres-
sure downstream of the normal shock is
pz’ < p(Pz’ t’ TZ, t) (18)

The number of equations is reduced by using equation (23) to eliminate U2 from
equations (20) to (22). In order to more clearly distinguish the known and unknown vari-
ables, a subscripted variable, )gl, is used to indicate the unknown variables. These are
defined as follows:

X1=nm X5 = Pg ¢
X,=T, X5 =Ty ¢
i} 2
X3 = P2 x 2’1
g=—L
R
X4=T2

When these substitutions are made, the following equations can be written:

Sy, Xp)  Sloy p Tp ¢)
R R
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H(Xla xz) ) H(pl’ £ TI,t) 1

R R 2
2
HX,, X,) H{X,, X,) X
P2 LI (L) -l -0 (56)
R R 2 Xq
(Xq, X)) p(Xy, Xo)
P\lg, 84/ PWAp &9 +X1X7_1_1=0 (57)
R R Xq
5(X3, X,) _ $(X5, Xg) o 69
R R
2
HX,, X,) H{X, X) X
3 5’ 6 +lx7_1 -0 (59)
R R 2 Xq
W X9 Pae (60)

R R

The solution of these equations requires an initial estimate of the X, values that is close
to the true Xn values. A perfect-gas calculation is used to make this initial estimate.
To do this, the following equation, derived from equation (99) in reference 1, has to be
solved implicitly for M;y:
9 \v/l&r-1) 1/(y-1)

My 1
M? + 2 2y Mf -1

v -1 v -1

(61)

p2,t =(7 - 1)(')""1)/(7'1)
Pi,e \r -1

Then, when the equations in reference 1 are used, the initial estimate for the Xn
values is

p
X),1° o — 62
(1+.},_1 Mz)/(’)"')
T
T
Xz S l’t (63)
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_y -1
3,17 55 *Li (64)
My +
y -1
X4,i:Y-1 3 y -1 x, . (65)
?
('y+ 1) M%
vy =1
f r-1 ! y ~1 (66)
%1\ 3 2y 2 oLt
M + Y M{ -1
y -1 y -1
Xg,i= T1,¢ (67)
7,i° ©2,i 1

(Egs. (61) to (68) only apply for a perfect gas.) The use of these values of X, as the
initial estimates in equations (54) to (60) usually results in the iteration procedure con-
verging rapidly. From the solution of these equations flow properties and thermodynamic
properties can be determined for total and static conditions upstream and downstream of
the normal shock.

Solution Criteria

The computer code for these equations includes certain tests to ensure that the so-
lution is correct. First, all the iterative procedures used to solve the various equations
and sets of equations have to converge to the prescribed degree. If this convergence is
not obtained, the solution is flagged; and 1n some cases, the calculation is terminated.
Second, even if the solution is mathematically valid, it may not be physically valid. For
physical validity, the following have to be true:

(1) All the pressures and temperatures involved in the equations must be within
range of the state equations. (This also ensures that the fluid is a gas.)

(2) The entropy of the gas must increase as the gas passes through a shock.

If these conditions are not satisfied, the solution is flagged; and in some cases, the cal-
culation is terminated.

The following discussion applies only to case I. (This is the case where a wedge-
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type static-pressure probe is used.) For certain combinations of pz’ £ T2, p Pgs and
5, a solution is obtained which indicates that the oblique shock attached to the wedge is
the strong shock, rather than the weak shock. Physically, this would be extremely
unlikely. In fact, the true situation would probably be that the free stream is either sub-
sonic or that the shock wave is not attached to the wedge. In either case, the solution is
meaningless. The strong shock is recognized by the fact that a decrease in the wedge
static pressure is accompanied by a decrease in the free-stream Mach number. Thus,
the solution is tested by slightly decreasing Ps and solving the equations again; if M1
decreases, the oblique shock on the wedge is strong. If this happens, the solution is
flagged. This test is performed only when the flow downstream of the shock is subsonic.
Many trial calculations have shown no case in which the downstream real-gas flow was
supersonic when the shock was strong.

RESULTS AND DISCUSSION

For both cases of the preceding analysis, the computer routines are in two sections.
The routines in the first section include the necessary iteration procedures for solving
the various sets of equations. The routines in the second section describe the specific
behavior of the gas. The routines are written in the FORTRAN IV, version 13, language.

The routines that include the iteration procedures for case I (i.e., the case where
the input is Py ¢ T2,t’ Pgs and §) are given in appendix B. The routines that include
the iteration procedures for case II (i.e., the case where the input is Py p Tl, £ and
pz’ 1:) are given in appendix C. The routines for either case have to be used in conjunc-
tion with one of the sets of routines in appendix D which describe the specific behavior of
the gas. This appendix includes sets of routines of air, nitrogen, oxygen, normal hydro-
gen, parahydrogen, helium, argon, steam, methane, and natural gas. These routines can
also be used in conjunction with the iteration routines in reference 3 to calculate the mass
flow rate of these gases through nozzles.

In both cases, the output variables are Ml’ Ml, P’ UI’ UI, P’ MZ’ and Uz. The
second subscript P indicates the value that the variable would have if the gas were per-
fect. The perfect-gas calculation uses the same input as the real-gas calculation. In-
volved in this calculation is the perfect-gas specific-heat ratio. The following specific-
heat ratios were chosen: 5/3 for helium and argon; 7/5 for air, nitrogen, oxygen, nor-
mal hydrogen, and parahydrogen; and 4/3 for steam, methane, and natural gas. In
addition, thermodynamic state functions are calculated for static and total conditions up-
stream and downstream of the normal shock. These are p, p, T, H/R, S/R, Cp/R, Y
and k. Additional variables are calculated for case 1. These have to do with the oblique
shock attached to the static-pressure wedge. These are M3, U3, g, BP, and the afore-
mentioned thermodynamic state functions for the static conditions downstream of the

14
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Figure 1. - Ratio of some real-gas flow properties to perfect-gas flow properties for nitrogen -
case I Total temperature downstream of normal shock, T2t' 300 K, ratio of pressure
downstream of oblique shock ta tatal pressure downstream of normal shock, p3fpz 1,
0.1886; free-siream Mach number for a perfect gas, My p, 23 specific-heat ratio for a
perfect gas, yp, 1.4 half-angle of static-pressure wedge, &, 7.50.

Total pressure downstream of normal shock, ps ¢, pascal for Nim2)

Figure 2. - Ratio of some reat-gas flow properties to perfect-gas flow properties for nitrogen -
case 1. Free-stream total temperature, Ty 4, 300 K; ratio of free-stream total pressure to
tota) pressure downstream of the normal shock, py ¢fpo y, 2.004 iree-stream Mach num-
ber for a perfect gas, My p, 2.5% specific-heat ratic for a perfect gas, yp, 1.4.
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oblique shock attached to the wedge.

Figures 1 and 2 are presented to illustrate the deviation of nitrogen from perfect-
gas behavior. Infigure 1, which applies to case I, two ratios are plotted against the
measured Py ¢ These ratios are MI/M1 p and plUl/(pl 1) The \galue of Ml, P
is 2.5, and the value of 1;)3/1:)2 ¢ 18 constant. For a pressure of 150x10" pascals (new-
tons per square meter), the Mach number only deviates 0. 8 percent from the perfect-
gas value, while the mass flux deviates 6.1 percent. The results are different in fig-
ure 2. This figure applies to case II. The gas is again nitrogen and the perfect-gas
Mach number is 2.5. This time p1 t/p2 t is constant. For this case, for a pressure
of 150><105 pascals, the Mach number deviates 12 percent from the perfect-gas value,
and the mass flux deviates 5. 2 percent. In both cases, these ratios approach unity as
the pressure is reduced. This is because the ideal-gas specific-heat ratio of nitrogen
is sensibly constant at room temperature. This relation is not true for a gas such as
methane, whose ideal-gas specific heat is variable. Therefore, 1/M1 p and
plUl/ (plUl) would not approach unity, for methane, as the pressure is Teduced.

These routines are designed to be incorporated as a set of subroutines in a main
computer program. Appendix E includes two typical main programs for the routines
contained in both appendixes B and C. In addition, the results of sample calculations are
included. The exact storage requirements depend on the gas. On the average, the rou-
tines for case I require about 4200 storage locations and the routines for case II require
about 3500. These stores include a necessary matrix inversion routine. This routine
is called MINV and is provided by International Business Machines Corporation (IBM) in
their Scientific Subroutine Package.

CONCLUDING REMARKS

Two sets of computer routines are presented that provide a means of calculating the
properties of a supersonic stream from measured quantities. In the first set, the meas-
urements are the total pressure and temperature downstream of a normal shock, and
the pressure on the surface of a wedge-type static -pressure probe. In the second set,
the measurements are the pressure and temperature in the plenum upstream of a super-
sonic nozzle and the total pressure behind the normal shock. These routines apply for
10 different undissociated gases.

The accuracy of these calculations depends primarily on the accuracy of the state
equations thatdescribe the gas. For a gas such as air at room temperature and at ple-
num pressures to 100 bar, the results would probably be accurate to within a percent.
For a gas such as natural gas, which is a variable mixture of many components, the
accuracy would not be as good.

In order to use these routines for gases other than those included in this report,
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only routines like those included in appendix D would have to be written. These routines
are straightforward and require only appropriate state equations.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Chio, January 16, 1974,
501-04.
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APPENDIX A

SYMBOLS
C D specific heat at constant pressure, J/(kg)(K)
C, specific heat at constant volume, J/(kg)(X)
H enthalpy, J/kg
k isentropic exponent, eq. (16)
M Mach number
p pressure, Pa
R gas constant, J/(kg)(K)
S entropy, J/(kg)(K)
T temperature, K
U velocity, m/sec
X, unknown quantities in eqs. (29) to (36) where n runs from 1 to 8, and in
eqs. (54) to (60) where n runs from 1 to 7
Z compressibility factor

Z;to Zy;  functions of compressibility factor, eqs. (1) to (6)

a speed of sound, m/sec

¥ specific-heat ratio

4] half-angle of static-pressure wedge

0 oblique shock angle

7 function of perfect-gas values of M1 and v, eq. (38)
gy to &y functions of ideal-gas specific heat, egs. (7) to (9)
P density, kg/m3

Subscripts:

i initial estimate of a variable in an iteration process
id ideal-gas condition

P perfect-gas condition

t total conditions

18



refers to free-stream conditions except when appended to X
refers to conditions downstream of normal shock except when appended to X

refers to conditions downstream of oblique shock except when appended to X

19



APPENDIX B

DESCRIPTION AND CARD LISTING OF COMPUTER ROUTINES

THAT APPLY TO CASE 1

Case I applies to local measurements of stagnation pressure Py, t stagnation tem-
perature Tz’ £ and static pressure pg ona wedge of half-angle 6.

In order to make a workable set of routines, the routines in this section have to be
combined with one of the sets of routines in appendix D. The particular set that is cho-
sen depends on the type of gas. This combined set of routines is referenced in the main
program by the following statement:

CALL RWEDG(PA2,TA2, PB3,DELTAS)

All the output is returned through labeled COMMON. Therefore, this COMMON
statement has to be in the main program:

COMMON/QUTW/TP(8, 5), VM(10}, CONV(12), Z(6, 5), KODE(11)

There are certain variables that have to do with the convergence requirements of
the various iteration procedures in these routines. These variables are initialized ina
BLOCK DATA subprogram. However, if the following COMMON statement is put in the
main program, the value of these variables can be altered:

COMMON/LIMITW/EDAZ2, EMAT, EDTA1, EPWD

The symbols that apply to these routines are defined as follows:

PAZ Total pressure downstream of normal shock, Py Pa
y
TA?2 Total temperature downstream of normal shock, Ty ¢ K
H
PB3 Pressure downsiream of oblique shock attached to wedge-type static-

pressure probe, Pg» Pa

DELTAS Half-angle of wedge-type static-pressure probe, &, deg

The array TP(I,J) contains thermodynamic state functions. The subscript I iden-
tifies the function, and the subscript J identifies the region. The function definitions
for the first subscript are as follows:

TP(1,J) Pressure, p,Pa
TP(2,J) Density, p, kg/m3
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TP(3,J)
TP{4,J)
TP(,J)
TP(6,J)
TP(7,J)
TP(8,J)

Temperature, T, K
Enthalpy, H/R, K
Entropy, S/R
Specific heat, CP/R
Specific-heat ratio, y

Isentropic exponent, k

The region definitions for the second subscript are as follows:

TP(I, 1)
TP(l, 2)
TP(I, 3)
TP(I, 4)
TE(I, 5)

Total conditions in free stream
Free-stream conditions
Total conditions downstream of normal shock

Conditions downstream of normal shock

Conditions downstream of obligue shock attached to wedge -type static-

pressure probe

(Thus, TP(3,5) would be the temperature downstream of the oblique shock and TP(8, 2)
would be the free-stream isentropic exponent.)

VM(1)
vM(2)
VM(3)
VM{)
VM(5)
vM(6)
VM(7)
VM(8)
VM(9)
VM(10)

Free-stream Mach number, M1

Perfect-gas calculation of free-stream Mach number, My P
3

Free-stream velocity, Uy m/sec

Perfect-gas calculation of free-stream velocity, Uy p» m /sec
b

Mach number downstream of normal shock, M2

Velocity downstream of normal shock, Uy, m/sec

Angle of oblique shock attached to wedge, 8, deg
Perfect-gas calculation of oblique shock angle, 8
Mach number downstream of oblique shock, M3

Velocity downstream of oblique shock, U3

CONV(1) to CONV(8)

where

X, -X
conv(y = L0 "Tn-1
1,n-1

P’

deg
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CONV(9) to CONV(12)

where
D
CONV(9) = 1 - 2,t
Zg tPg,tRTg ¢
CONVU0) = (1,0, ~ (01,01
(plst)n-l
T, ) - (T
CONV(11)=( 1Y~ 71,00
T
( 1;t)n-1
Py P3

Pat Pa,t/ .
CONV({12) = 7 eq. (37) given
P3

p
2,t given
The array Z{I,J) contains the compressibility factor functions as represented by
equations (1) to (6). The subscript I identifies the function, and the subscript J iden-
tifies the region. The second subscript definitions are the same as those for the array
TP. The first subscript definition is

z(1,3) . . . Z{6,J) for Z. to Z

1 VI

The following symbols represent integers to indicate various error conditions. If
all the integers are zero, a valid calculation has been performed. If the infegers are 1,
errors exist. These errors are
KODE(1) Equals 1 if Py ¢ OF T1 ¢ is out of range of the state equations.
2 2

KODE(2) Equals 1 if Py ¢ Oor Ty is out of range of the state equations. A value
y ¥
of 1 terminates the calculation.

KODE(3) Equals 1 if py or Ty is out of range of the state equations. A value of 1
terminates the calculation.

KODE(4) Equals 1if p, or T, is out of range of the state equations. A value of 1
terminates the calculation.
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KODE (5)

KODE(6)

KODE(7)
KODE(8)

KODE(9)

KODE(10)
KODE(11)
EDA2

EMAT

EDTA1

EPWD

Equals 1 if pg oOr T3 is out of range of the state equations. A value of 1
terminates the calculation.

Equals 1 if the iterative procedures for the perfect-gas calculations for

MI,P’ MZ,P’ and BP fail to converge.
Equals 1 if the iterative procedures for calculating Pa t fails to converge.

Equals 1 if the iterative procedures for calculating Xl to XB fail to con-

verge.

Equals 1 if the iterative procedures for calculating Pi.t and Ty ¢ fail to
] ]
converge.

Equals 1if 8, > 8, or if 84 > 83.
Equals 1 if the shock attached to the wedge is the strong shock.

Maximum value of |CONV(9)| permitted. This is initialized at a value of
~6
1x10

co

Maximum value of Z ICONV(1)| permitted. This is initialized at a
=1

value of 1><10'5.

Maximum value of |CONV(10)| + |CONV(11)| permitted. This is initialized
at a value of 2107°.

Maximum value of [CONV(12)| permitted. This is initialized at a value of
-6
Ix10°".

The routines that apply to case I are described briefly here. These routines are
identified by their deck names.

Deck RGWED

This is the subroutine in which the output variables TP and VM are calculated.
The iteration procedures for solving equations (18), (29) to (36), and (49) and (50) are in

this routine.

Deck RGDFW

In this subroutine, the inverse of the derivative matrix, which is required to solve
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equations (29) to (36), is calculated. In addition, this routine requires the matrix inver-
sion subroutine MINV supplied by IBM in their Scientific Subroutine Package.

Deck PGWED

This subroutine is used to calculate M1 P’ M2 P’ and QP The iterative proce-
dures necessary to solve equations (37) to (39) are in this subroutine.

Deck WDATA

This BLOCK DATA subprogram contains the initial values of the convergence limits
for the various iterative procedures.
A workable set of routines includes not only these decks, but also one of the sets of
decks in appendix D. The card listing of these decks follows.
DECK RGWED

c

C

C THIS IS THE SUBRDUTINE WHERE THE FLOW FUNCTIONS AND THERMODYNAMIC

L STATE FUNCTIONS DF A SUPERSCONIC STREAM ARE CALCULATED FROM MEASURED
£ QUANTITIES. THESE QUANTITIES ARE THE TOTAL PRESSURE AND TOTaAL

C TEMPERATURE DOWNSTREAM OF A NORMAL SHDCK, AND THE PRESSURE INDICATED
C BY A WEDGE STATIC PRESSURE PROBE,

C

SUBROUTINE RWEDG (PAZ2,TA2,PB3,DELTAS)
COMMON F0UTH/ TP(B8¢5),VM{10)},CONVI12),Z(56:5)4KDDE(1])
COMMON /RDM/ W(B,8),X18),X13,5QX13,X15,5QX15,V7,W7,CVB1,EVB2,LVA3
COMMON /GDATW/ Gls62,G3,0644065¢66,67,68,69,510
COMMON /LDATA/ XKVaR,XMW,RC,0246
COMMON /LIMITW/ EDA2,EMAT,EDTAL,EPWD
DIMENSION ZAl(&6), ZB1{6), ZA2(6), IB2{6), IB3{6)}, F(B), QUT{1D3),
15AVE(LD3)
EQUIVALENMCE (TP{1},0UT{(1)), {(ZALCL)},Z{L)), (ZBL(L),Z(T7}), (2ZA2{1),
1Z{131)s (ZB2{L1)2Z(19)), {ZB3(L},2(25))
DOUBLE PRECISION CPsCS+CHsDSAZ2,DHA2,DSA1,DHAL,DSBL,DHB1,DSB2,DHB2,
1DHB3
LOGICAL LGFN
DATA RADIAN/.0Q174532925/
DO 1 [=1,103
SAVE(E)=0.D
1 oUT(I)=0.0
DO 2 J=1,5
DO 2 [=1,3
2 2(I,4)=1.0
Do 3 1=1,8
X{I1=0.0
3 F(I)=0.0
TPI1,3)=PA2
TP(3,3)=TA2
TP{1,5}=PB3
- NSAVE=)
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THE PERFECT GAS VALUES OF THE SHOCK ANGLE, AND THE MACH NUMBER, BOTH
UPSTREAM AND DOWNSTREAM OF THE NORMAL SHOCK ARE CALCULAYED IN PWEDG.

CALL PWEDG (TP{1,5)/TP(1,3),DELTAS,VM{2},XM2,VM(8),CONV{12),KODE(S
1))

IF (KODE(6)«EQ.1) RETURN

DELTA=DELTAS*RADIAN

SQML=VYM{2}*%2

SQSM1=SQML*SIN{VM(8) *RADIAN) **2

THE ITERATION PROCEDURE FOR CALCULATING VTHE TOTAL DENSITY DOWNSTREAM
OF THE NORMAL SHOCK STARTS HERE.

A=TP{1+3V/(RETP({3,3))

TP{2,3)=A

IF (LGFN(TP{1,3),TP{3,3),K0ODE(2},ZA2)}) RETURN
DO 5 I=1,20

CALL ZETA (1,TP{2,3),TP(3,3),2A2)
CONV{9)=1.0-TP{1,3}7(2ZA2(1L)*R*TP(2,3)%TP(3,3))
IF (ABS{CONVI9)}.LT.EDA2) GD TO &
TP{2,3)=TP({2:3)1%(1.0=-(ZA2{1)-A7TPI{2:3})/2A213))

KODE(T7)=1

RETURN

CALL ZETA {3,TP{2:+3)+TP(3+43)+1A2)

IF {LGFN{TP{1+3)4TP{3,3),K0DE(2),ZA2)) RETURN
DSAZ=CSITP(3,3))-DLOG(DBLEITP{2,311)-ZA2{4%)
TP(5.3)=DSA2
DHA2=CH{TP{3,3}}+TP({3,3)%(ZA2{1)-7ZA2(5)})
TP14,3)=DHAZ

CV=CP{TP{3,43))-2A21{6)
GA=ZA2(3V147A2(2)1%%2/CV .
TP(T,3)=6GA/2A2(3) !
TPLB43)=GA/ZA2(1)

TPL6,3)=CVETP(T7,+3)
SOM2={SQM1+G5)/{GT*5QM1~1,0)

THE INITIAL ESTIMATES OF THE VALUES OF X ARE CALCULATED BY THE
FOLLOWING STATEMENTS.

A=1.0+#51#5S0M2
X{3)=TP(2,3)/A%*G3
X(4)=TP{3,3)/A
X{1)=X{3)*(SQML+GS)/ (G6&EXSQM1 )
X{2)=TP{3,3)/7(1.0+GL%50QM1)
A=G6%SQSML/ (SQSM1+G5)
X{5)=A%X{1)
X{6)1=X{21=(GT*5Q5M1-1.,0)/{Go*A)
X{T1=62%SOM1*X(2)
X{B)=GZ2*SQSM1%X{2)

VM{4)=SQRT{R*X{T))
THE ITERATION PROCEDURE FOR CALCULATING THE VALUES OF X STARTS HERE.

DO 11 I=1,20
CALL ZETA (3,X(1).X(2),4L8B1)
CALL ZETA (3,X{3),X{4),182)
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CALL ZETA (3,X({5)+X{6),:283}
TP(1,2)=ZBL{1)*X(1)*X{2)%R
TP{Ll,4)=7B2(L)*X{3}eX{4)*R

IF (LGFN{TP{l¢2)+X(2),KODE(3),ZB1)) RETURN
IF (LGFNC{TP({1,4)+X(%4),KODE(4),2B82)) RETURN
IF (LGFNU(TP(Ll+5}eXi5),KODE(5)4ZB3)) RETURN
DSB2=CS{X(4))-DLOG{DBLE(X{3}))-ZB2{4)
DHB1=CH{X(2))+X(2)*{ZBL(1)}-ZB){(5))
DHBZ2=LH(X(4) ) +X(4)*(ZB2(1)-28B2(5}]}
DHB3=CH(X(6) }+X{6)*{ ZB3(1)-2B3(5))
X13=X(1)/7X(3)

SQAX13=X13%%2

X15=X{1}/X%X(5)

SAX15=X]15%%2
VT=SORT(SOX15%X{B}/{X(T)}-XNEB))])
WT=SQRTI(X{B)/X{T7})

F{l1)=05B2-DSAZ
F(2)=DHB2~DHAZ2+SQX13%X(T7}/2.0
F{3)=DHB2-DHBL+X{(T)1®(5QX1i3-1,0)/2.0
F(4)=DHBA-DHBL+X{B)*¥{S5QX15~1,01/2.D
Fr=TP{142})}/R

F3=TP{Ll,5})/R

F=X{5)%X(6)*IR3(1)
FI5)=F3-FI+X{1)*X{T7)*(X13-1.0)
FI6)=F5~Fl+X{1)%X{8)*{X1565-1,0)
FIT)=ARSIN{WT)-ATAN(VT)~DELTA
FIB)=F5~TP(1,5)/R

IF (MOD{I,5).EQ.1l) CALL RDFW

DO 8 J’].'B

COnNVIS)=D,D

DO 7 K=1,8
CONVEJ)=CONVI{J)+WEIy K I*F(K)
CONVEJF=CONVIIYZXL D)

TEST=0.0

po 9 J=1na

TEST=TEST+ABS(CONV(J))

IF (TEST.LT.EMAT) GD TO 12

DO 1D J=1,8

10
11

12
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X{d)=X{J)%(1.0+CONV(J))
CONT INUE

KODE(8)=1
CVB1=LP(X(2))-2B1(6&)
GA=IB1(31+ZB1(2)**2/CVB1l
TP(7+21=GA/2B1(3)
TP(B,2)=GA/Z81(1}
TP(642)=CVBL*TP(T7,2)
TP(3,2)=X1(2)
TP{24,2)=X{1)
TP{4,2)=DHB]
TPU5,5)=CS(X{6))~ALDG{X(5))-2B3(4)
TP{4,5)=DHB3
TP(2,5}=X{5)
TP{3,5)=X(6)
GA=283(3)+ZB3(2)%%2/(VB3
TP(T,5)1=GA/IB3(3)
TP{8,5)=GA/ZB3{1)
TP(645)=CVB3*TP{7,5)
VM{3)=SQRT{R*X{7)}



VMEL)=vyMI3) /SQRT(TP(B,2)1%TP{1,2)/TP{2,2))
VM{7)=aRSIN(SGRT(X{B)1/X(T) 1)
VMU10)y=COSIVMI{T))I®SQRTIR®N{T)}/COSIVYM(T)-DELTA)
VM3 =VMIL0)/SARTITP{B,5)%TP(1,5)/TP(2,5))
IF (NSAVEWLNE.1) GD TO 14
TF(YM(1) . LT.SAVE(41)JKODE(L1L)=1
DO 13 I=1,102
13 OUTII=SAVE(D)
RETURN
14 DSBL=CS(TP(3,2))~DLOGI(DBLE(TP(2,2)))-2B11(4%)
TPi5,2)=DSB1
VM{T7}=VM(T)/RADIAN
TPU3,4)=X(4})
TP(244}1=X(3)
TP{4,4)=DHB2
TP{5,4)=DSR2
CVB2=CP(TPR(3,4}))-2R2(6)
GA=Z82(3)471B82(2)%%2/CVB2
TPUT,4)=GA/ZIB2(3)
TP(8,4)=GAsZB2(1)
TPUH,4=TP{7,4)%CVB2
VMI6)=SQRT{2.0%R*{TP{4,3)~-TP{4y4)})
VMIS)=VMIE)} /SQRTITP(B,4)%TP(1,4)/TP(2,44))
IF {TPU5421o6ToTP(5:4)0ReTPI5,2).6GT.TP{5,5)) KODE(10)=1
c
C THE ITERATION PROCEDURE FOR CALCULATENG THE TDTAL DENSITY AND
C TEMPERATURE STARTS HERE.

TPU3,1)=TP{3,3)
TP{241)=FP{2,3)%EXP{SNGL{DSBR2-DSB1)}
D0 15 I=1,20
CALL ZETA {3,TP{2Z,1),TP(3,1),7A1)
TP(1,L)=TP{2,L)*TP(3,1)%RxZAL(1)
IF {LGFN{TP{1,1),7P{3,1),KODE{1},ZAL})} XODE(1)=1
DSAL=CS({TP{3,1))~DLOG(DBLE(TP(2,1))}-2A1(4)
F1=D5B1-DSAl
DHAL=CH(TP(3,1))+TP{3,1)*{ZA1(1)-ZAL(5))
F2=X{71/2.0+DHB1-DHAL
F11=-ZAl(2)/TP{2,1)
CVAL1=CPITP(3,1))-ZAL{6)
F12=CVAL/TP(3,1)
F21=TP{3,1)*{ZAL{3)-ZALL2})/TP(2,1)
F22=CVALI+ZA1(2)
DET=F11*F22-F12%F21
CONV{LI))={FL1#F22-F2%F12)/{TP(2,1)%DET)
CONVILL)={F2*F11=-F14F21)/LTP{3,1}*%DET)
TEST=ABS{CONV(1D})+ABS(CONV{11))
IF {TESTLLT.LEDTAl) GO 70O 16
TP{2,1)1=TP(2,1}*{1.0+CONV(1D))

15 TP{3,1}1=TP{3,1)%(1.0+CONV{11))

KODE(9)=1

16 TP{4,1)=DHAL
TP(5,1)=0D54A1
GA=ZAL{(3)+ZAL(2)%%2/CVAL
TPIT+L)=GA/ZAL(3)
TPIB,1)=GA/ZA1(1)
TP{6s1)=CVALETP{T,1)
IF (VM{9).6T41.0} RETURN



NSAVE=1
Do 17 I=1,103

17 SAVE(I)=0UT(I)
TP(1s51=TP{1,51-0.001%(TP(1,3)-TP{1,5))
G0 TO 4%
END

DECK RGDFW

C
C
€ THE INVERSE OF THE DERIVATIVE MATRIX REQUIRED FOR DETERMINING THE
C VALUES OF X IS CALCULATED IN THIS SUBROUTINE.
C

SUBROUTINE RDFw

COMMON /ROW/ W(B,8) 4 X(8),X13,5QX13,X15,50X15,V7+WT,CVBL,CVB2,LVB3

COMMON fOUTW/ E(62)2ZA11{6)47281(6),7A2(6),2B2{(6)+2Z8B3{6),KODE(11}

DIMENSION XW{B}, YWH{B8])

DOUBLE PRECISION CP

DO 1 I=1,.8

DO 1 J=1,8
1 Wil,J1=D.0

SVT=1,04VT%%2

SWHT=SQRT{1.0-wW7Tx%2)

CVB1=CP(X{2))-IB1(6}

CvBz2=CP(X{4))-28B2(6)

CVB3=LPIX(&)}}-ZB3{6)

W{l.3)1=2ZB2(2}/X(3)

Wils4)=—CVB2/X{4&)

W(Z221)==X{T)%S5QX13/X{1)

H{243)=(SQX13eX{T)-X(4)*{ZB2{3)1-2B2(2}}}/X(3)

Wi2,4)=-CVB2-2B2(2)

H[2.7)=-SQK1312.0

A=X(2)*(281{3}-2B1{2))

WE3,1)={A-SQX13%X{T}H}/XI1)

W(3,2)=CVB1+IBl(2)

WHi(3,3)=W(2,3)

Hi2,4)=W{2,4%)

W(3,7)=0.54+H(2,7)

Wl4,1={A=-X(8)%S5QX15)/X (1)

H(#.ZHH(B'ZI

W{4,5)={SOX15%«X(8)-X{6)*(ZIB3(3}~ZR3(2)))}/X{(5])

Wi4,6)=—CVB3-IB31(2}

W{4,B8)={1.0-5QX15)/2.0

WI{5,101=X(2)%ZBL(3)-X{T)*{2,0%X13-1,0)

Wi5:21=X{1)%ZIB1(2}

W53 =X{T)%S50X13-X{4)*%2B2(3)

WiS5,4)==X{3)%ZB2(2)

W5, 7)=(1.0-X133%X(1)

WiE,1)=X(2)%2BL(3)-X({B)*{2,0%X15-1.0)

W{6,2)=H(5,2)

Hi6:5)=X(B)*SQX15-X{6)%ZB3([3}

Hib,6)=-%X(5)%7B31{2}

Wi6,+8)=X[1)*(l.0-X15)

WAT,1)=NTZ{S5VT*X(1)])

W{T7,5)=~W{T,1)*X15
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OO0

OO0

W{TyTI=WT/7{2.0¢X(TIRSHT)-VT/{2.0%SVT*(X({T7)-X{8)))
W{T,8)=(VT/(WT*SVTRIX(TI-X{B1))=-1.0/(X{TI®SKT) I/ {2, 0%¥NWT)
W{B,5)=-X(6)*IB3(3)

W(8,6)==X(5)%183(2)

CALL MINV (W,8,DET,XW,YW)

MINV [S THE SUBROUTINE USED TO INVERT THE DERIVATIVE MATRIX. THIS
SUB?OUTINE IS PART OF THE SCIENTIFIC SUBROUTINE PAZKAGE SUPPLIED
BY [.B.M.

RETURN
END

DECK PGWED

THE PERFECT GAS VALUES FOR VELOCITY, SHOCK ANGLE, AND THE -MACH NUMBER
BOTH UPSTREAM AND DOWNS TREAM OF THE NORMAL SHOCK ARE CALCULATED IN
THIS SUBROUTINE.

SUBROUTINE PWEDG (RATIOyDELTALXM1,XM2, THETA,DELR 4KK}
COMMON /LDATA/ A{5):G

COMMON /GDATHW/ GleG2+G3,G4,654G64G7+G8,69,610
COMMON /LIMITW/ EDAZ2,EMAT,EDTALl,EPHWOD
DIMENSION DEL(3)

DATA RADIANGPI,KG/.D174532925,1.5707963,0/
FFIAI={1.0-1.0/A)*2G3%{ST2-1.0/A)/G10-R
XX(A)=58B%COSTA~D)/(STH{SIN(2.0%A-D)-GSD))
FFM(A)=SINT{A)*22/G10-R

IF (KG.NE.D) GO TO 1

Gl=1{G6-1.0}/72.0

62=6

63=1.0/16-1.01}

G4=G*G3

65=2.0%G3

G6={G+1.0)*G3

G7=2.,0%G4

G8=2,0%G7

GI=Go**G5

GlO={{G+1.D)%%2/(4.,2%G) ) **G4

KG=1

KKK=0

DR=0D.D

R=RATID

D=DELTA*RADIAN

GSD=G2%*SIN(D}

IF (DelE.D0.D.0R.,G3D.,6T.1.0) GD TD 11
TMIN={D+ARSIN(GSD)) /2.0

TMAX=PI+D-TMIN

T1=TMIN+1,.DE-4

Fl=FFM{TMIN)

TF (F1luGTaDe0.0R, FFM(TMAX),.LT.0.0) GO TO 11
DEL(L)=({TMAX~-TMIN-2,.0E~4)/35.0
DEL(2)=5.0%DEL(1}

DEL{3)=DEL(]1}

Do 2 J=1.,3
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10

12

13

DO 2 [=14+5

T2=T1+DEL{J)

ST=SIN(T2}

STZ=5T*%2

X=XX(T2}

F2=FF(X)

IF (ABS({F1+F2).LT,ABS{F1)+ABS(F2)) GO TO 3
Fl=F2

T1=T2

GO TO0 11

IN=D

DO 9 1=14+20

DR=F2/R

IF [ABS{DR}.LT.EPWD) GO TO 10
DT={T2-TY)/{F1/F2-1.0)
Ti=T2

Fl=F2

T2=T2+D7 .

IF (T2=-TMIN-1.0E=%) 4,445
FT2=TMIN+1,.0E-4

GO 170 7

IF (T"AX"TZ“IQDE"‘I’ 5,6'8
T2=TMAX-1.0E-4

IF (INJEQ.Y) GO TO 11
InN=1

ST=5IN{(T2)

ST2=5T%*2

X=XX(T2)

F2=FF{X)

KKK=2

IF (X.6T.GT} GD TO 12
KKK=1

X=0D.0

T2=0.0

X2=0.0

DELR=DR

IF (X.EQ.0.0} GO TO 13
SX=5T2%X
X2=(SX/GT+GSH/{SINIT2-D)5*2%(5X~1,0))
KK=KKK

THETA=T2/RADIAN
XM1=SQRT{X/GT)
XM2=5QRT{X2}

RETURN

END

C DECK WDATA
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BLOCK DATA

COMMDN ZLIMITHW/ El4)

DATA E/1.DE~64140E-5,2.0E-6,1.0E=6/
END

L



APPENDIX C

DESCRIPTION AND CARD LISTING OF COMPUTER ROUTINES

THAT APPLY TO CASE I

Case IT applies to measurements of nozzle flow using the upstream total pressure
pl, £ the upstream total temperature TI, & and the stagnation pressure Pz,t at the
nozzle exit.

In order to get a workable set of routines, the routines in this appendix have to be
combined with one of the sets of routines in appendix D. The particular set that is
chosen depends on the type of gas. This combined set of routines is referenced in the
main program by the following statement:

CALL RNS(PA1,TAl,PA2)

All the output is returned through labeled COMMON. Therefore, this COMMON
statement has to be in the main program:

COMMON/QUTNS/TP(8,4), VM(6), CONV(9), Z(6,4), KODE(8)

There are certain variables that have to do with the convergence requirements of
the various iteration procedures in these routines. These variables are initialized in a
BLOCK DATA subprogram. However, if the following COMMON statement is put in the
main program, the value of these variables can be altered:

COMMON/LIMITN/EDA1, EMAT, EPNS

The symbols that apply to these routines are defined as follows:

PAl Free-stream total pressure, p; , Pa

TA1l Free-stream total temperature, T1 ” K

PAZ Total pressure downstream of a normal shock, Py ¢ Pa

TP(,d) Except for the fact that J does not assume the value of 5, the definition of
the elements in this array is the same as that for the TP array in
appendix B.

VM(I) Except for the fact that I does not exceed 6, the definition of the elements

in this array is the same as that for the VM array in appendix B.

CONV(1) to CONV(T)
where
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XI, n_ XI, n-1

CONV(8) and CONV(9)

where

Z(1,J)

CONV(D) =
X1, n-1
P
CONV(8) = 1 - 1t
Z1,tP1,tRT ¢
Po.t P2t
CONV(9) = P1,t/ eq. (61) P1,t /given
Pa,t
pl,t given

Except for the fact that J does not assume the value of 5, the definition of
the elements in this array are the same as that for Z in appendix B.

The following symbols represent integers to indicate various error conditions. If
all the integers are zero, a valid calculation has been performed. If the integers are

unity, errors exist. These errors are

KODE(1)

KODE(2)

KODE(3)

KODE(4)

KODE(5)
KODE(6)
KODE(7)

KODE (8)
EDA1
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Equals 1 if py ¢ OT T1 ¢ are out of range of the state equations. A value
of 1 terminates the caleulation.

Equals 1 if p2 ¢ or T2 ; are out of range of the state equations. A value
of 1 terminates the calculation.

Equals 1 if py or T, are out of range of the state equation. A value of 1
terminates the calculation.

Eqguals 1 if py or T2 are out of range of the state equation. A value of 1
terminates the calculation.

Equals 1 if the iterative procedures for calculating M 1.p fail to converge.
Equals 1 if the iterative procedures for calculating P ¢ fails to converge.
b

Equals 1 if the iterative procedures for calculating X1 to X7 fails to
converge.

Equals 1 if Sy > S9
Maximum value of |CONV(8)| permitted. This is initialized at 1x1075,



7
EMAT Maximum value of E |CONV()|. This is initialized at 1x10™°.
=1
EPNS Maximum value of ]CONV(Q)I permitted. This is initialized at 1X 10'6.

The routines that apply to case II are described briefly here. These routines are
identified by their deck names.
Deck RGNS
This is the subroutine in which the output variables TP and VM are calculated.
The iteration procedure for solving equations (53) and (54) to (60) are in this routine.
Deck RGDFNS
In this subroutine, the inverse of the derivative matrix is calculated. This is re-
quired to solve equations (54) to (60). In addition, this routine requires the matrix in-
version routine MINV supplied by IBM in their Scientific Subroutine Package.
Deck PGNS
This subroutine is used to calculate M, P The iterative routine used to solve equa-
3
tion (61) is in this subroutine.
Deck NSDATA
The BLOCK DATA subprogram contains the initial values of the convergence limits
for the various iterative procedures.

A workable set of routines has to include not only these decks, but also one of the
sets of decks in appendix D. The card listing of these decks follows.
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[aRaEnlel

sEaEnkel
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DECK RGNS

THIS IS YTHE SUBROUTINE WHERE THE FLOW PROPERTIES AND THERMODYNAMIC
STATE FUNCTIONS OF A SUPERSONIC STREAM ARE CALCULATED FROM MEASURED
QUANTITIES., THESE QUANTITIES ARE THE PRESSURE AND TEMPERATURE IN A
PLENUM UPSTREAM DF A SUPERSONIC MOZZLE, AND THE TOTAL PRESSURE
DOWNSTREAM OF A NORMAL SHOCK AT THE NDZZLE EXIT,.

SUBROUTINE RNS (PAl,TAl,PA2)

COMMDN JOUTNS/ TPIB,41,VMIG) ,CONVIF}+2{644)+KODE{ 8B}
COMMON /RONS/ W{T,T)X{T)eX13,50X13

COMMON /GDATNS/ GlyG2+534G4465,G6467,68,69,6510,G611
COMMON /7LDATA/ XKV,R,XMW,RC4D2,6

COMMON /LIMITN/ EDAL ,EMAT,EPNS

DIMENSION ZAL(6)y ZBL{G)}, ZA2{6)y 2B2(6)y F{T7), OUT(T79}
EQUIVALENCE (TP{1)},0UT{1))y CZALCL},Z(1)}, CZBY{1),Z(T)Y, (ZA2(1),
1Z(13)), (ZB2(1)+2(19)}

DOUBLE PRECISION CPyCS.CHyD5A1,D5A2+DSB14DS5SR2,0HAY,DHA2,DHBL,OHB2
LOGICAL LGFN

bo 1 I=1,79

QUT(I)=0.0

DO 2 J=l,4

DO 2 I=1,3

I(1,J)=1.0

DO 3 1=1,7

X{I}=D.0D

F(1)=D0.0

TP(1,1)=PAl

TP(3,1)=TA}

TP{1l.3)=PA2

THE PERFELT GAS VALUES OF THE MACH NUMBER, BOTH UPSTREAM AND
DOWNSTREAM OFf THE NORMAL SHOCK ARE CALCULATED IN PNS.

CALL PNS (TPULsy3)/TP{1,1),VM{2),YM(5)},CONV{F),KODE(5)}
IF (LGFN{TP(1,1),TP(3,1),KODEL1),ZAL)) RETURN

THE ITERATION PRDCEDURE FOR CALCULATING THE PLENUM DENSITY STARTS
HERE .

A=TP{L,1)/{RETP{3,1))

TP{2,1)=A

DO &4 [=1,2)

CALL ZETA (1,TP(2s1)+TP{3,1),ZA1)
CONVIB)I=1l.0-TP{1,1)/({ZAY(L)%R*TP(2,1)%TP(3,1))
IF (ABS{CONV{B)1.LT.EDAl) GO TD 5
AA=(ZALC1)-A/TPL2,1)}/ZA1(3)
TP{2,1)=TP(2,1)%(1.D-AA)

KODE(6)=1

CALL ZETA (3,TP{241},TP{3,1),ZA1)

IF (LGFN(TP(141),TP(3,1),KODE(1),ZAL))} RETURN
DHAL=CHITP(3,1))+TP(3,1)%(ZA1(1)-ZAL(5))
TP{4,1)=DHAL
DSAL=CS({TP({3,1))~DLOG(DBLE(TP{2,1)))-ZA11(4)
TP{5,1)=D5A1

CV=SNGL(CP({TP(3,1}))-2A1(6)
GA=2AL(3)+ZAL{2)%%2/CY

TP(T+1)=GA/ZALL3)

-TP{B,1)=GA/ZAL(1)



c
c
c
c

o0 o

io

TPE{6,1)=CV&TP(7,1)
IF (KDDE{S5).EQ.l} RETURN

THE INITIAL ESTIMATES OF THE VALUES OF X ARE CALCULATED BY THE
FOLLOWING STATEMENTS.

SQML=VM{2 }*%2
AA=(1.0+G1*5QM1)
X{l)=A/AA%XG3
X{2)=TP{3,1)/AA
AA=GE%5QML1/ (SQML+G5)
X{3)=X(1)%*AA
AAA=(GT*5QML-1.D}/G6
X{a)=X(2)*AAASAA
X{5)=A®AA*EGH/AAARXG3
X{6)=TP(3,1}
X{T)=052%X{2)*50M]1

VM{4)=SQRTI{X{7)*R)
THE ITERATION PROCEDURE FOR CALCULATING THE VALUES OF X STARTS HERE.

0O 10 I=1,20

CALL ZETA (3,X(1),X{2}),7I81)

CALL 7ETA {3,X(3),X{4},282)

CALL ZETYA (3,:X(5)4%X1{6),2A2)
TP(1,2)1=2B1{1)%R%X{1}%X{2)
TPULLl,%4)=282{1})*R2X{(3}%*X([4)

IF (LGFN{TP{1,2),X(2),K00E{31,2B81)) RETURN
IF (LGFN{TP{1,4):X{(4},KODE(4},ZB2)) RETURN
IF (LGFN{TP{1,3),X{(5),KDDE(2),ZA2)) RETURN
DSAZ2=CS{X(6}1-DLOG(DBLE(X{(5)))-2A2{4}
DSBL=CS(X(2))-DLOG(DBLE{XI1)))-1IR1{ &)
DSB2=CS5{X(%))-DLOG(DBLE{X{3)))-ZBR2(4)
DHAZ=CH{X{6))+XI(6)*¥{ZA2{1)-2A2(5])})
DHB1=CH{X(2) ) +X{2)%(ZB1(1)-2BL1(5))
DHBZ2=CH({X (&) ) +X(4)*( ZB2{1)-2B2(5))
F(1)=D581-DSAl

F(21=DHB1~DHAL+X{T)1/2.0

X13=X{1)/X(3}

SQX13=X13%*Z

FI31=TP{L 4 )/R-TPU(Lly 2}/R=X{1L)I*X(T)*{1l,0-X13}
F{4)=DHB2-DHBL1-X{T)*{(1.0-5QX13})/2.0
F(5)=DHBZ2-DHAZ+X(TI®5QX13/2.0
F{56)=D35B2-D5A2
F(T)=ZA2{1}1*X(5)*X(6)-TP{1l,3)/R

IF (MOD{I,5).EQe1) CALL RDFNS

DO T J=1,T7

CONVIJI=D,.D

DO 6 K=1l.T

CONV(JI=CONVI{JI+W{J, K} SF{K])
CONV(J¥=CONV{J)/X(J])

TEST=0,.0

DO 8 J=1.7

TEST=TEST+ABS{(CONV(J}}

IF {(TESTL.LT.EMAT) GD YO 11

po 9 J=1'T

X{J)=X{IY*{1.04CONV(JI))

CONTINUE
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KODE(T)=1

11 TP{4,2)=DHB1
TP{5,21=NSB1
TP(2,2)=X(1)
TP(3,21=X(2)
CV=SNGLICP({TP{3,2)1)-78B1(6)
GA=ZIBL(3)+IBL(2)*%2/CV
TP(7,2)=GA/IB1(3)
TP(8,2)=GA/281(1)
TPlbs2)=CVETP{T,2)
VME3)=SQRT(X(T})*R)
VMUL)=VM{3)/SQRT(TPI{B,2)%TP(1,2)/TP(2,2)1)
TP{3,3)=X{6)
TP({2,3)=X(5)
TP{4,3)1=0HAZ
TP{5,3)=D35A2
CY=SNGLICP(TP(3,3}))-2A21(6)
GA=ZA2{3)+ZA2(2)**2/CN
TP{T.3)=GA/ZA2(3)
TP(8,3)=GA/ZA2(]1)
TP(643)=CVETP{T,43)
TP(244)=X(3)
TPI3,4)=X({4)
TP(4,4)=0HB2
TP{5,4)=D5B2
IF (TP(5,2).6T.TP(5,4)) KODE{B}=1
CY=SNGLICP(TP{3,4}))-ZB2(6)
GA=ZB2{3)+1B2{2)%*2/CV
TP(T.4)=GA/ZB2(3)
TP(8,4)=GA/ZBR2(]1)
TPUS,4)=CVETP(744)
VM(6)=SORT{2.0%R*¥ (TP (4,3)-TP(4s%)})
VM(5)=VM(B6)/SART(TPIB,4) *¥TP{ L4 &) /TP{244))
RETURN
END

DECK RGDFNS

C
c
€ THE INVERSE OF THE DERIVATIVE MATRIX REQUIRED FOR DETERMINING THE
C VALUES OF X IS CALCULATED IN THIS SUBROUTINE,.
c

SUBROUTINE RDFNS

COMMON /OUTNS/ E(4T),ZAL(6),2Bl{6),ZA2(6),282(61,KODE(B)

COMMON /RDNS/ WIT,T)} o X(T)sX13,5QX13
DIMENSION XW{T), YW(T)

DOUBLE PRECISIDN CP
DO 1 I=1.7
DO 1 J=1,T7

1 Wil,J1=0.0
CVBL1=SNGLICP(X(2))})}~IBLl(6)
CVB2=SNGL{CP{X{4)))}-1B2{6&)
CVA2=SNGLICPIX(6)))}~ZA216)
Wil,1)=ZBL{2)/X(1)
Wil,2}=-CVBL/X(2)
W(2,1)=(ZB1(2)}-2BL(3})*X{2}/X(1]}
W{Z2,2)==(CVB1+ZB1(2))
W{2,71==0.5
WI3,1)=X{21%ZBL(3)+X{T)*{1.0-2,0%X13)
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[aNaRaNaNel

[aNeaNaNaNal

Wi3,2)=X{1)%ZB1{2)
Wi3,3)=X{TI*50QX13~-X{4)*2Dn2(3)
Wi(3,4)=-X(3)%2B2{2)
W(3,T)=X1)%{1.0-X13)

W4y i)==W{2,2)-X{T1%X13/X(3)
Nt4,2)=—w(2,2)
Wi4a,3)={X{T)%3QX13-X(4}*(ZB2(3)=-2B2(21))/X{3)
W{4,4)=—{CVB2+2B2(2) )
Wi4,71=(1.0-5QX131/2.0
WI5,10=W{2,1)+W(4,1)
H(5+3)=WH(4,3)

H(544)=H(4y4)
W(55)=X{61%(ZA2(3)-2A2(2))/X{5)}
W{546)=CVAZ+ZIA2(2)
WI5,7T)=W{4&,7}-0.5
Wi6,3)=72B2{2)/%X{3)
Wibyal==CVB2/X{4)
Wi64:5)==2A2(2)/X(5)
Wl6+61=CVA2/XL6)
WIT,5)==X(6}%ZA2(3)
W(Ts6)==X{5)%2A2(2}

CALL MINV (Wy7+sDEToXW,YKW)

MINV IS THE SUBROUTINE USED TO INVERT THE DERIVATIVE MATRIX. THIS
SUBRCUTINE IS PART OF THE SCIENTIFIC SUBRDUTINE PALKAGE SUPPLIED
BY I.B.M.
RETURN
END
BECK PGNS
THE PERFELT GAS VALUES FOR THE MACH NUMBER, BDTH UPSTREAM AND
DOWNSTREAM OF THE NORMAL SHNOCK ARE CALCULATED IN THIS SUBROUTINE.

SUBROUTINE PNS (RATIO¢XMl4XM2,DELR,KK)
COMMON /LDATA/ A(S5),6

COMMON /GDATNS/ GlyG2463464¢G5+5664G7468,69,610,511
COMMON /LIMITN/ EDAL,EMAT,EPNS

DATA KG/D/
FUAY=0B8%(A/{A+G5) 5G4/ (GT*A-1,D)¥%5G3
IF (KG.NE.,0) 60 TOD 1

Gl=1{6-1.0)/72.0

62=G

G3=1.0/(G6-1.)

G4=G*G3

65=2.2%G3

Go={G+1l.D)*G3

G7=2.0%G4%

GA=Go**G4

GI9=1.5%({G+]1,0)%%2/G

Gld=F{4.0)

GL1=F(5.0)

KG=1

R=RATID



KKK=D

DR=U+D

IF {R.LE2De0.0R.R.GT,1.0}) GO TO 4
IF (R.LT.D.9999) GO TO 2
X2=1.0+{G9%{1.0-R))**D.33333333
GO 10O 5

X1l=4,.2

F1=G1J-R

X2=540

F2=Gli-R

DO 3 I=1,20

DR=F2/%

IF (ABS{DR).LT.EPNS) GO TO 5
DX=(X2-X1}/{(F1/F2-1.01}
X1=X2

Fl=F2

X2=X2+DX

F2=F(X2)-R

KKK=2

G0 TO 5

KKK=1

X2=0.0

¥2=0.0

GO TO &
¥2=(X2+GS5 )/ (GT*X2-1.Q)
XM1L=SQRT(X2)
XMZ2=SQRT(Y2)

DELR=DR

KK=KKK

RETURN

END

C DECK NSDATA
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BLOCK DATA

COMMON /ALIMITN/ E(3)

DATA EF1.0E-641.0E-5,1.0E-6/
END a



APPENDIX D

DESCRIPTION AND CARD LISTING OF THE COMPUTER

ROUTINES THAT DESCRIBE THE VARIOUS GASES

Any one of the sets of routines in this appendix is used with the routines in either
appendix B or C. In addition, this set can also be used with the routines in reference 3
whose deck names are RGASC1 and RDATA. This combination extends the applicability
of reference 3 to include all the gases in this report.

The deck names for these sets of routines consist of a one- or two-letter prefix
identifying the gas and a root identifying the routine's purpose.

GENERAL PURPOSE OF ROUTINES
Deck --ZETA

In this subroutine, the compressibility-factor functions defined by equations (1) to (6)
are calculated. With the exceptions of methane and natural gas, this subroutine can be
used independently of the other routines. These points will be noted when the individual
gases are discussed. Because of this independence, the use of this routine is described
briefly here. This routine is referenced as follows:

CALL ZETA(K,RHO, T, 7)

where
RHO Density, kg/m>
T Temperature, K
This is a six-element array. These elements are, in order, ZI to ZVI'
K I K= 1, only Z(1) and Z{3) are calculated. If K= 2, only Z(2) and Z({4) are

calculated. ¥ K = 3, Z(1) to Z(6) are calculated. For the case of steam,
7Z(1) to Z{6) are calculated regardless of the value of K.

Deck --TEMP

The ideal-gas specific-heat functions defined by equations (7) to (9) are calculated
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in this routine. Except for natural gas, whose ideal-gas specific heat is composition de-
pendent, this routine can be used independently of the other routines. Because of this,
the use of this routine is described briefly here.

This is a double-precision function routine with three entry points - CP, CS, and
CH. All three entry points use a single-precision argument, which is temperatare. The
function definitions are ‘

Cy,id
CP(T) = £4(T) = -EE— (D1)
CS() = £ (T) =i, 1 (—P— (D2)
I R RT)
H,,
CH(T) = ppg(T) = —= - T (D3)

From equations (8) and (9), it is seen that Eqr and £qpp involve indefinite tempera-
ture integrals. The constants of integration for these integrals are included in this rou-
tine. The value of these constants is chosen such that the enthalpy and entropy equal zero
at some reference thermodynamic state. Except for natural gas, steam, and low-
temperature nitrogen, this reference state is that of the ideal gas at a temperature of 0 K
and a pressure of 1x 105 pascals. The reference state for natural gas, steam, and low-
temperature nitrogen will be given when these gases are discussed.

Deck --LOG

This is a logical function that tests whether or not the pressure and temperature lie
within the range of the state equations. If the temperature range extends below critical,
the vapor pressure relation is used to determine whether or not the fluid is a gas. Be-
cause of the computational procedure, the lower pressure limit of the state equation for
all gases has to be a nonzero positive number; this number is arbitrarily set at 0.1 pas-
cal.

Deck --DATA

This is a BLOCK DATA subprogram that supplies gas-dependent constants for the
other routines. Among these constants are the molecular weight, the gas constant, and
the perfect-gas specific-heat ratio.
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Deck --TLG

While the procedures in this report do not require this subroutine, the procedures
in reference 3 do. The inclusion of this subroutine permits the application of the proce-
dures in reference 3 to all the gases in this report. I necessary, this subroutine changes
the temperature such that the fluid is a gas and lies within range of the state equation.

ROUTINES APPLIED TO VARIOUS GASES
Air

The equations for the compressibility factor and the ideal-gas specific heat for air
are the result of a curve fit of the data in reference 5. The temperature range of these
curve fits is from 150 to 1500 K. The pressure range extends to 100><105 pascals. These
equations only apply to undissociated air.

In order to check the accuracy of these fits, the values of Z and C_ calculated by
these routines were compared with those tabulated in reference 5. Over most of the pres-
sure and temperature range, Z agrees to within 0.1 percent and C _ agrees to within
0.3 percent. The maximum disagreement is 0. 3 percent for Z and 3 percent for Cp.

The card listing of these routines follows. The prefix for the deck names is Al
C DECK AIZETA

SUBROUTINE ZETA(KK.PP,TT,Z)

DIMENSION Z(6)sA(10+342),8(1043,2}

DATA A/0.D33.T42920BE-13,-4.2565612E-9,1.1837564FE-T+-1.1911556L~6,
14.2969317E-6,8.1108983E-6,-1,322802E-4,-1.402926E-4,1.,194593E-3,5,
2B580B55E~144~-6.0441T52E-13,-1,2888247E-13,4.6020856E-11,-9.9022657
3E«10+7+8369336E-9,-1,99B68B94E-8,-5.5490372E-8, 4. B502964E~-7,6.5%5400
416E-T42.092.461D0094E~16,2.0018081E-144-T7.0226616E-13,7.7383923E~12
Sy=3.095349TE-114-2.5931749E-11,5.,104152E-10,-5.6194899E-10,+1.36T19
633E-1D040.0+~56.B2004456E-1242.553936T2E-84~5.9187T82E-T+%.7646224E-6
T1=1.28307951E=-5,-1.62217966E-5,1.322802E-440,0,1.194593FE-3,~4.6854
B8hBGE-13,4423092264E-12,7.7329482E-13,-2.3010428E-10,3.,960906280-9,
9~2,351)8008E-8,3.9973788E-8,5.5490372E-8,0,0,6.5540016E-7,0.0,-1.7
A2270658E-15,-1.20108486E-13,3.5113308E-12,-3.09535652E~-11,9.2856349
BlLE-11,3.3863498E~114-5,.104152E-10+,0.0,1.3671933E-10/

DATA B/0s0y-7aT9433664FE-12+2.9T795928B4E-8,-T.1025384E-T7,5,955TT8E-6
1p=1eT197T268BE~54-2+%3326949E-5,2.645604E~4,1.402926E-4,0.0,4-2.6351
23B48E-13,2.41T7T6TD0OBE-12,4.51088645E-13,-1,.38062568E-10,2.47556542E
3-9,=-1.5673B6T2E~B42.9980341E~8,5.54903T2E-8,~2.4251482E-T,2%0.43y -6
4,562691T3E-16+-4.6T088557E-1441.,406453232E-12,-1.,28973205E~11,%.127
§513293E-114,2.6931T49E-11,-3,402768E-10,1.8731633E-10,2%0,0,5.455235
665E=114=-1,TB7T557TE-T,3.5512692E~6,-2,3823112E-5,5.15631804E~5,4%4.86
T65389BE=5,-24645604E-442%0,042.108%107T8E-12+-1.69236906E-11,~2.736
85318TE-12,6.9031284E-10,-9.90225657E-9+,4.70216016E~B,-5.9960682E~8,
9-5.543)3T2E-B43%0.,094.59388421E-15,2.80253134E-13,-7.02266156E-12,5
AJ15892B2E-11,~1.23813988F-104-5.3863498E-11,3.4)2768E~-13,2%D.2/
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K= KK
= pp
5= 1330.0/T77
IF{K.EQ.2) GO TO 2
BB= Afl,lgl'
CC= Af{ls2,1)
DD= A{le3,41)
DO 1 N=2,10
BB= BB*5+A(Ns;1,1)
CC= CL*ES+A(Ny2Zs1)
1 DD= DD*S"’A‘ N’ 3,1]
Z(1)= 1.0+{BB+(CC+DD*P %P} xp
Zi3)= 1.04(2,0%BB+ {3, 0%CC+4.,0%DD%P ) %P ) &P
IF(K.EQa1) RETURN
2 BB= A(l,1,2)
CC= A(142.2)
DD= Al{1+3,2)
DO 3 N=2,10
BB= BB*S+A{N,1,2)
CC= CLCRS+AINS2,2)
3 DD= DD¥S+A{N,3,2)
2{2)= 1.0+{BB+{CC+DD*P)%p)wp
Zi4)= {(BR+(CC/2.0+DD%P/3.0)%P)2p
IF(X.EQ.2} RETURN
BB= B(lillll
BBB= B(ls+1l,2)
CC= B{l+2,1)
CCC= B(1l,242)
DD= B(193|1,
DDO= B(1,3,2)
00 4 N=2,10
BB= BBES+B(N,i,1)
BBB= BBB*S+B(Ns1:2)
CC= CL&S5+B(Ns2,41)
CCC= CLC*S+B{Ny2:2)
DD= DD#*S+B(N,341)
4 DDD= DDD*S+B{N,3,2}
Z(5)1= (BB+{CC+DDEP =P ) %P
Z(6)Y= (BBB+(CCL+DDD®P ) %P %P
RETURN
END

C DECK AITEMP

DOUBLE PRECISION FUNCTION CPIT)

DIMENSION A{8,3,2)

DOUBLE PRECISION HI{2}1,51(2),3

DATA A/D4Dyl.3466662E-5,-3,1114986F-4,2.4129691E-3,-6,3322T9E-3,5.
14472783E-3,1.4259098E-3,2,4886014,0.0,2.24644436TE~645-6.22299T2E-5,
26,032622T5E-44-2.110T5967TE-3,2.72363915E-3,1.4259098E-3,2,48B6Ul4,
30.0,1.9238)886E-6,-5.185831E-5,4.8259382E-4,-1.58306975E-3,1.81575
4943E-3,T74129549E-4,2.4886014,-1.752035E~8,6439946R4E-74~6.2254794E
5-6+3.49661T4E=5,~1.8261613E~3,3,2562223E-24-1.272201E-1,42.6256356,
6=2.50230714E-9410665TB0TE-T7y-1,2450B188E~6+8.7415435E~6,4-6.087204
T33E-4,1.62811115E-2,-1.272201E-142.6256356,-2.19004375E-9,+9.142097
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AT1E-8,-1.03756823E-6,6.993234BE-6,-4.56540325E-4,1.0R8540743E-2,-6.
9361305E-2+2.6256356/
DATA HI1,51/-.8930568474993379,-8.36960655648124%,21.32793295153501
1,21.43853926781483/
L=1
1 §=T/1.3D2
K=1
IF(5.GT.5.12397093D)K=2
CP=A{lyL,K)
DO 2 N=2,7
2 CP=CP¥S5+A{N,t,4K)
GO TO (3,445),L
3 CP=CP&S+A(8,1,K!]
RETURN
ENTRY CS(T)
L=2
GO TO 1
4 CP=CPsS+A{R,2,K)*DLDG(S)+SI(K])
RETURNM
ENTRY CH(T)
L=3
GO 7O 1
5 CP=T*({P%S+A{B8,3,K))+HI(K]
RETURN
END

C DECK AILOG

LOGICAL FUNCTION LGFN (P,7V,J,2)
DIMENSION Z1{6}
J=1
LGFN=4 TRUE,
IF (PalTe0eleDRePuGT o1 alE7aOReTobTol49,0,0RaToGT2a1510.0.0R.Z11).LE
1e020.0RaZ{2)4LEeD.0.0R.Z{3}LE.D.0O) RETURN
J=0
LGFN=,FALSE.
RETURN
END

C DECK AIDATA |

BLOCK DATA
COMMON /LDATA/ RI(6)

DATA R/1.04287.0588,28.964141.633314E-3,5.641.4/
END
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C DECK AITLG

SUBROUTINE TLOGIC(P,T)
[F(T.LT.149.03T=149.0
RETURN

END

Nitrogen

There are two sets of nitrogen routines: one covers the cryogenic temperature
range, and the other covers the high-temperature range.

Nitrogen, range I. - The equations for the compressibility factor and the ideal-gas
specific heat for nitrogen (range I) are from reference 6. This reference claims a tem-
perature range from 64 to 350 K and a pressure range to 3()0><1[)5 pascals. This report
assumes a temperature range from 60 to 400 K and a pressure range to 300><105 pascals.
These are the same ranges that were assumed in reference 7.

The values of Z and C_ calculated by these routines (using the state equations of
ref. 6) were compared with those tabulated in reference 5. QOver most of the pressure
and temperature range where comparisons are possible, Z agrees to within 0. 2 percent
and C_ agrees to within 1 percent. The maximum disagreement was 0.4 percent for Z
and 2 percent for C_.

The reference state for the enthalpy and entropy is that of the saturated liquid at the
triple point.

The card listing of these routines follows. The prefix for the deck names is N.
C DECK NZETA

SUBROUTINE ZETA{KK,PP,TT,Z)

DIMENSION 2(6)

OATA A,B1,82483,B4,B5,B6,B7,88,89,B810,B11,B12,813,B14,B15/-7.135E-
16'1-23349175*3:‘2.5107895-1'-4.9631534E1|3.707337352'1-496473E6;
22410277T19E-64-244516046E-4,2,3102B22E-9,4,9866482,1.6T71286E3,
3~1.655225E5,~6.5374809E~-5,2, 42091D8BE~2,-1,126389,1.1829604E~12/

COUXsYyZ)=X*SI+YR54+7%55

K=KK

p=pp

T=T17

S1=1.0/T

S2=51%51

$3=51%52

S4=51%53

S5=51%54

P2=pxp

EXPO=EXPLA%XP2)

AA=1.°,(2.°*A,

BB=1.D/7A

C1=CO(B9,BLO,B1))

C2=C0(Bl2,8Bi3,814%)
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IF (K.EQ.2) GO TD 1
BAL=Bl+#B2%51+B3%52+84%53+B5%55

BAZ=R&+BT%51
ZA=10+{BAL+{BA2+[BR+R15%51%P2)*P )P} %P
IB=EXPD*P2%{CL+C2%P2)

I(l)= ZA+1B
IA=1.)+4{2,0%BAL+{3.0%BA2+{ 4, 0%BB+6,D*BL5&S1%P2) %P ) %P ) %P
IB=P24«EXPO%{3,0%CLle (2. 0%A%CL+5,0%02+2,0%C2%P2%A)¥P2)
213)= 1A+2B

IF {K.oEQel) RETURN
BT=B1-83%52=-2,0*%B4%S3-4,0%B5%55
ClP=-C0{3,.0%B9,4,0%B10,5.0%B11)
CZP=-CU(3.0*812;4.0*313,5-0*8141

CC1=Cl+(C1lP

cCz=C2+C2P

IA=1.D¢(BT+(B6+BR¥P) *P ) %P
IB=P2*EXPO*(CCL+CC2%P2)

2(2)= ZA+1B

A= (BT +{B&/2.0+BA*P/ 3. D) *P ) %P
IB=AAS{EXPO*{CC1+{(P2-BB)*CC2)+BB*CC2-CCl)
Litd)= TA+IB

IF {KsEQe2) RETURN

CIPP=MD(9.D*89’ 16‘0*310' 25-0*811,
C2PP=C0{9,0+%B12,16,0#*813,25,0%B14)
ZA==~((B2%51+2,0%B3%52+3,0%¥B4%S3+5,06R5455)+(BT*51/2,.0+B15%S51%P%e3/
15.0)*P)=p

IB=AA®(EXPO*(C1P+(P2~-BB)*C2P )+BB*C2P~C1P)
Z2{5)= LA+IB

CClP=ClP+C1lPP

CC2p=C2P+C2PP
TA=(2.0%B3%52+6,0%B4*53+2D,0%xB5%55)»p
IB=AA*{EXPO*{CCLP+(P2-BB)*CC2P)+CCZ2P*BB~-CL1P)
Z2i6)= ZA+IB

RETURN

END

C DECK NTEMP

DOUBLE PRECISION FUNCTIOMN CPL{T)

DDUBLE PRECISION A(5,3), 54HI.SI

DATA A4SI4HI /2.501146DC,-9,.720581D-541,0360560-6, ~4,437258D-9,
16.825596D-1242.501146D0,4-9.720581D-5,5.1B0280-7y-1.4790860-9,
21.70363390=12,2.50114600,-4.86029050-543.45352D0-7,~-1.1093145D-9,
31.36511920-12,7.71240~1,5.0831D02/

K=1

S=T

CP = A(5,K)}

DO 2 I=1,3

M= 5-]

CP= CPES+A{M.K])

GO TO (344,51} ,4K

CP= CP¥S+A(1l,1)

RETURN

ENTRY LS(T)

K=2
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GO TO 1
4 CP= CP*S+A(1,2)%DLOGIS)+5]
RETURN
ENTRY CHIT)
K=3
Go 101
5 CP= (CP*S+A(1,3)) *S+HI
RETURN
END

C DECK NLOG

tOGICAL FUNCTION LGFN (PyT4J,7)

COMMON /LDATAS XKV.R,XMW,RC,D2,6G

DIMENSION Z1(6)

S=T

J=1

LGFN=. TRUE.

IF ‘PILT'O. l.OR.PQGT.301E7.0RIS-GT.4‘10.°|0R-S.LT!SQOD.DR-l(1’.LEIO

1e0.0ReZ(2 1 aLEeDeDaORZI31LELD.O) RETURN

IF (S.537.126.26) GO 7O 1

PS=10.)%%x({-305,07339/5+5,5335216+(,16441101+1-3,1389205E-3+{2,9857

1103E-54(~1,4238458E-T+2.7375282E~10#%51%5)%5)*%5)%5)

IF (P.GT.XKV*PS) RETURN
1 J=9

t GFN=,FALSE.

RETURN

END

L DECK NDATA

BLOCK DATA

COMMON ZLDATA/ RIU6)

DATA R/1.0,296,8008,28.0134,1.579T03E-3,5.6,1.4/
END

C DECK NTLG

SUBROUTINE TLOGIC{P,T)

DIMENSION ALT)

JATA A/5.B435156E-6,-9.6521356E-5,3,206 ~3,~8. -
11.2169369,-5,20335603,50.343493/ ) H122873,78. 164361982,
IF{T.6T.126.26) RETURN

V= ALOG{P)

= A{ll}
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DO 1 N=2,7

1 S= SuVHAIN)
IF{T.LTS) T=5
IFIT.LT.55.0) T=59.0
RETURN
END

Nitrogen, range II . - The equations for the compressibility factor and the ideal-gas
specific heat for nitrogen (range II) are the result of a curve fit of the data in reference 5.
The temperature ranges of these fits is from 170 to 3000 K. The pressure range extends
to 110><105 pascals. These equations only apply to undissociated nitrogen.

In order to check the accuracy of these curve fits, the values of Z and Cp calcu-
lated by these routines were compared with the values tabulated in reference 5. Over
most of the range, Z agrees to within 0.1 percent, and C_ agrees to within 0.5 percent.
The maximum disagreement is 0.7 percent for Z and 2 percent for C_.

The card listing of these routines follows. The prefix for the deck names is HN.

C DECK HNZETA

SUBRDUTINE ZETA (KK,PP,TT,7)

DIMENSION BB{ll,4), CC(11l,4), DD{11ls4)y BCD(1i+4+3)s 20(56), A(G,3)

EQUIVALENCE (BB{1)+8C0O{(1)), {CC(Ll),BCD{45)}, (DD(1},BL0(B3})

DATA BB/Dasla3d3B343E—F4=644553T08E~9,y~1.380T7339E~T4y1.0851228E-6,-1
1.4)10B564TE-T3-1.8585143E-5,3.0153933E-5,-4.,9439856E-4%,1.64438B24E-3,
2=140T717B43E~4,0as=Fe368401E-933,BT32225E-8,6.9036695E-T,-4.,3404312
3E-61%42325641E~T+3.7T1T70286E-54=-3.0153933E-5:04+1.6440824E~3,-2.143
45 6BOE=%90e 9=l JT06TGA4E-8,4,.5)1BT596E-8,84.2B44034E~-7,-5.4256145~64+5.
5643418B8E~T45.5755429E-5,~6.03070866E-54%,9439856E-4,0.,~-1.,0717843E~
64,04, T e494T208E=8,-2.T11255TE-T+-4.142201TE-6,2.1T02456E-5,-1,56932
T256F-53-1.11510B6E-6,6.0307868E-5,2%04,4-2.1435686E-4/

JATA CL/0es=104161135E=114=1.820T7963E-10,~-9.172154TE-10,5.3411861E
1=8,-2,)00952E=-7,:-8B.93T531 16FE-T46.4975889E-6,-1.1598976E~5,1.0653882
2E=5,3-2.T372964E-6404+8.4965681E-11+9.1039815E-10,3.6688619E-9,-1.60
323558E-T+%.001904E-T 98,9753116E~T40e9y+~1e1598976E~5+2.1307T754E-5,4-8
4,2118BB32E-630a1%95063972E+11¢5+4623B89E-1G+2.29303BTE-9,~-1.0682372
SE-T,33.)D1428E~T 4849753 116E~T¢~3.24BT7944E-6,0495.326941E-64-2.T73729
664FE~64)as=2.9738384E~-10,-2.T311944E-9,~9,1T72154TE~9,3,204T7117E-T,~
T6002836E-74-8.9T753116FE-T7,2%04,1.0653882E-54-8.2118892E~6/

JATA DD/B.96B8983E~14,3.783T236E-13,-6.33T4971E-12,4.2678663E-11,~
19.4492282E-1043.5667223E-9,2.0223068E-8,-1.35229568E-7,2.6433166E~-7
2s=2.0302481E-T+y%.9983348E~8,-5.381339€-13,-1.8918618E~-12,2.5349988
AE~11s+1a2B03599E-10, 1.8B98456E-9,3;-3.566T223E~9;4D,.+-1.352296BE-7+5.
42866332E-Ty-6,114T443E~T,1.9993339E-T,-2.0927429E~13,-T7.567464TE-13
S5els0562495E-114-5.6904884F~11,9.4492282E-10,4~-2.37T78149FE-9,-6.T4102
62TE-943)4+8.8110553E-8,-1.3588321E~Ty4.9983348£-8,1.2556458E-12,3.7
TB3T7235E~129=4e22%99B1E~-11,1T7071465E~10,~1.8898456E-9,2.3T77T8149E~-9
B,2%D a9 laTO22111E~T3=4.0764962E-T7,1.9993339E-T/

$5=1000.0777

P=PP/S

K=KK

DO 3 J=1,4
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fom

IF (KeEQue2.ANDJJNEL2) GO TO 3

DO 2 I1=1,3

A{Js 1)=BCDlL,Js1)

DO 1 M=2,11

AlJds1h=AlJd, 1)%S+BCDIM, I, )

CONTINUE

IF (KeEQal.AND,.JLED.1) GO TOD 4

CONTINUE
1(2}=1.0+(A{2:1’+{A(2,2}*&(2,3)*P)*P}*P
Z{4]=(A(211}*(A(ZvZ'/2.0+A(293)*P/3.0)*P1*P
IF (K.EQe2) RETURN
Z(5'=‘A(3:1)*(A[312,+A(313)*P}*P)*P
ZUO)={A{4s1)+(A(Gs2}+AL4,3)%P)%P)%p
ZULF=1.04(A(1,1)+(AlL,21+A(1,3)%P)%p)%p
Z(3]=1-D*(2.D*A(111)*(3-0*A€1:2)*4.0*A(1'3)*91*P|*P
RETURN

END

C DECK HNTEMP
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DOUBLE PRECISIDON FUNCTION CP (T)

DIMENSION A{8,3,2)

DOUBLE PRECISION CS,CH,S,HI(2),51(2)

DATA Af19.204975,—43.37883.31.533231,-6.7699321,-5.2724127E—3'6.#2
163567E*2:1.#31144E—2p2-4986544.2.7435679'-?.2298135.6.3166462;-1.6
292483,-1.7574709E*3'3.2131784E—2'1.431144E-2-2.4986544,2.4006219,—
36.196933,5-2638718,-1.3539854.-1.3131032E-3.2.1421189E-2.7.15572E-
43.2.4936544,1.2274093E-3"6.9024646E-4|-9.3697914E*2..5882261;“l.k
5746878,1.4646469,-2?16646,2.1558557,1.753#419E-4'-1.1564108E-4,-1.
68739583E—21a14705652:-949156269.73232345,.2916646,2.1558557.1.5342
7616E-4,-9.8656637E-5:-1.56163195-2,-11764522,*.36867195,.48821563.
8.145B323,2,1558557/

JATA HIoSI/-.923621540001#771,100.9379426775437;26.17073912726212,
125.67752552153%525/

K=1

J=1

5=¥/1.303

IF (S.5T.4B119820835}) J=2

CpﬂA{HKoJ'

DO 2 N=2,7

CP=CP*S+A(N,K,y.0)

GO TO (344451 ,K

CP=CP¥S+A(B'1,JD

RETURN

ENTRY CS(T)

K=2

GO 1o 1

CP=CP*S+A(8,2,J)%DLDGIS}+SI{J)

RETURN

ENTRY CHIT)

K=3

GO TO 1

CP=T*(CP*S+A(By3,J)) ¢HI( J}

RETURN

END



C DECK HNLOG

LOGICAL FUNCTION LGFN (PyTyJs2)

DIMENSTION Z{6)

J=1

LGFN=, TRUE.

IF lP.LT.O.I.OR.P.GT.1.1ET.DR.T.LT.169.0.DR.T.GT.3010.D.UR.ZI1).LE
100.02a0RaZ{2)eLEeDsDeOReZ{3)4LE.D.0) RETURN

J=0

LGFN=.FALSE.

RETURN

END

C DPECK HNDATA

BLOCK DATA

COMMON /LDATA/ R{6)

DATA Rll.D,Zgﬁ.BOOB,ZB.DIBQ,1.579703E-3.5.6'1.4/
END

C DECK HNTLG

SUBROUTINE TLOGIC (P,T)
IF (T.LT.169,0}) T=169.0
RETURN

END

Oxygen

There are two sets of routines for oxygen: one covers the cryogenic temperature
range, and the other covers the high-temperature range.

Oxygen, range I . - The equation for the compressibility factor for oxygen (range 1)
is from reference 8, and the equation for the ideal-gas specific heat is the result of a

curve fit of the data in reference 5. Reference 8 claims a temperature range from 65 to
300 K and a pressure range to 300>-<105 pascals. This report assumes a temperature
range from 60 to 400 K and a pressure range to 30(]><105 pascals.

The values of Z and C_ calculated by the routines in this report (using the state
equation of ref. 8) were compared with those tabulated in reference 5. Over most of the
pressure and temperature range where comparisons can be made, Z agrees to within

49



0.2 percent and C_ agrees to within 1 percent. The maximum disagreement is 3 per-
cent for Z and 3 percent for Cp; the maximum disagreement in 7 occurs at 170 K

and 70 bars.

The card listing of these routines follows. The prefix for the deck names is O.

C DECK OZETA

30

SUBROUTINE ZETA(KKsPP4TT,Z}

DIMENSION Z(6),A(3,3,4),F1{3),F2{3)

DATA ALyA25A3,A32,A35,A36,A4,A42,A45,A46,A5,A52,A455,A56,A65A62,A65
1,A7,AB,AB5,A9,A10,A102,A105,A106,A11,A12,A125,A13,A135,A14,A145,42
244A26449A25yA261A2T74A29,A28,A30,A31,ALPHA, TC/1,29024534E-3,-,501253
3321,-2814400595,5628.01189,8442.01784,-16884.0357,7314650.15,-2925
4860046,-36573250.7,146293003.,-1,1055249TE10,6.63314981E10, 7. 73867
S4TBE1Dy=4.64320487E11,-6.T8596713E-10,-1.35719343€-9,-3,39298357E~
610+9.48465081E~7,7.2254452TE-5,~3,6127T2264E~5,-3,22597218E-2,—. 427
7820494,.855640987,.64173074,-1.28346148,3.80215484E-10,7.08483179F
8-8+-2.3616106E-8,1.41493762E-10,-3.53734405E~11,2.83963097E~8,-1.4
ILIBL54IE-B+-5.46946646E~6y-1.09389329E-5,2,37789478E~5,-3.0667578E
A=49=0351-47449+6.02168773E-8,3.01534684E~2,232,832966,154.77/

OATA A/2.0670376693591.79212,-416047,043,1.03087315E~5,-3.113551F~
1341.22849158+6,40142244E~11,~1,27186613E~8,1.66719727E-6,-44134075
231,-1)77543764,1664188.174-2,06174629E-5,9.34065301E-3,-4.91396632
34-1.28)28449€-10,3.81559839E-8,-6.66878909E~6,-6.20111297,~14367.1
4685,2080235.22+-3.09261944E-5,1,2454204E-2,-6,1624579,-1.92062673F
5-1095408746452E-8,4-B.33598636E~6,12.4022259,43101.5054,-832094. 86
616+ 1852388BE-5,-3.7362612E-2,24,5698316,3,84085346E-10,-1.52523935
TE-7+3433439455E-5/

AF(P)=(BL+(B2+(B3+B4¥P)*P) %P ) &P

BFL(A,B4C)=(A+(B+CHP2)2P2) 2P 2XEXPR

BF2{A,B,C)=A*534+B%54+C%S5

BFE3{A)BsCyD)=({A+{B+CAP2)#P2-{B+D*P2~D/A24) /A24) %EXPB-A+ (B-D/A24 )/
1A24)/A244

K=KK

pP=pp

T=TT

S=1,0/T

$2=5%5

$3=252%$

S4=53%§

S5=54%5

S7=55852

P2=P#p

APB=A24%P2

EXPB=EXP{APB)

P28=Pa*A28

PALPHA=P28-AL PHA

APC=A425%PAL PHARS)

EXPPC=EXP(APC)

TTC=T-TC

ATC=AZTTTC*%2

EXPTC=EXP{ATC)

IC1=A25%S*P2BEPALPHAXEXPPC*EXPTC

IF{K.EQ.2)60 TO 2

Bl=Al+A2#S+A3%S3I+A4%S54A5%57

B2=A6%T+AT+AB#SHAOXS 24 A1 0%S3

B3=Al1+A122S

B4=A13%S+A14%S2



ZA=1.0+AF(P)

DO 1 N=1,3
FL1(N)I=BF2(A(LyNs1)pA{2Z4Ns1)sA(3.Ns1))
ZB=BF1(F1(1}),F1{2})+F1l(3))
Z11)1=2A+ZB+7C1

IF{K.EQ.DIRETURN

B1=2,0%81

B2=3,0%B2

B3=4,D*B3

B4=5,0%84

IA=AF(P)+1.0
7B=(1e¢A264%P2 ) %2B+BFL( 2, 0%kFLI{1) 4. 0%FL(2),6.,0%F1{3))
ZC=(1.34A28%{1.0+P28%{ 1, D+2.0%APC)/PALPHA))*ZI(]
Z{3)=ZA+2B+1C

IF{K.EQ.1)RETURN
B1=A1+A32%53+A42%55+A52%57
B2=Ab62%T+AT~-A9%52+A102%53

B3=All

Béa=-AL4%52

ZA=1 ,D+AF (P}

DO 3 N=1l.3
FLINI=BF2(A{L 3 Ns2)2A{2,N+2)4 A{3,Ns2))
I8=BFLIFL(1),FLl{2),FLI3})
IC=A29¥TTTC*IC1

I(2)1=2A+78+1C

B2=82/2.0

B3=03/3.0

B4=B4/4.0

ZA=AF{P)
IB=BF3(F1{1),F1(2}),FLL{3),2.0%FL{3))
IC=A3 #TTCREXPTC*{EXPPC-A30)
Z{4)=LA+1B+2C

IF{K.EQe 2 RETURN
Bl=A36%S3I+A4HXSS5+ASE%ST
B2=AGXT+AG*S2+A106%53

B3=0.D

B4=-A145%52

2A=AF(P)

DO % N=1,3
FL(M)=BF2UA(LsNs31sA(2sN,3)5A134Nys3)}
FZINY=BF2(A(LsNp&)yA{2,N, 4} AlL34Ny&))
IB=BF3(F2(11,F212),F2(3),2.0%F2(3))
2C=T*1o%(1.0+2.0%ATC)/TTC
Z(6)=LA+ZB+2C
Bl=—A2%S+A3SHSI+A45%SH+AG5%S5T
B2=ALGT+ABSRS~AIRS2+A105%53
B3I=A125%5

B4=A135%S5+A145%52

IA=AF(P}
IB=BF3(FL{1),FL(2}4F11(3),2.0%F1(3})
2C=A3Y%(TTC-S/A29)*EXPTC*{ EXPPL-A3D}
2{5)=1A+IB+1C

RETURN

END



L DECK OTEMP

DDUBLE PRECESION FUNCTION CP(T)

DOUBLE PRECISION Af{3:33),ML1,S51,5

DATA A HT oS1/3.057608B5D0-5,4-3.62300430~4,1.3986432D~3,-1.8234602D-3
1¢2.5741335D-3,-1,.361753D0~2,3.25342050-2,-3,2270317D-2,2.5128273D2,
23.82231062D-64-5.17572043D-5,2.3310T720-4,~3,6469204D-4,6.43533375D
3-4,=4,530176670-341.626T710250-2,=-3,22T0317D~2,2.512827T300,3.397342
4TBD-6¢~4.528755380-5,1.99B06171D~44~3.03910033D-4,45,148267TD-4,-3.4
5043825D0-3,1.0844735D-24-1,61351585D-2,2.512827300,-1.5155486D0D,22.
620265612400/

K=1
1 5=T/100.000

CP=A{]l,K}

PO 2 N=2,8
2 CP=CP*S+AIN,K}

GO TO (3,445} ,K
3 CP=CP¥5+A(9,1)

RETURN

ENTRY LS5(T)

K=2

GO 10 L
4 CP=CP*S+A{9,2)=DLDG{S)+51

RETURN

ENTRY CZH(T)

K=3

GO T0 1
5 LP=T*{CP*S+A(9,3) ) +H1

RETURN

END

C DECK OLOG

LOGICAL FUNCTION LGFN {P,T,3,2)

COMMON /LDATA/ XKVsR,XMW,RC4D2,6

DIMENSION Z{(&), A{9)

DATA A/e5115947,-1,469853,~-1.8221345,11.180811,-13.613856,3.313939

1343.3509539,19,85226,-8,.86894561/

5=T/100.0

J=1

LGFN=,TRUE.

IF (PulYe0ulaORePoGT 234 1ETeO0RSaLTeD05%e0RaSeGTebeleORaZ{Ll}LELDLOD

LeOR.Z{2) 4 LEWDaDWORLZ{3)aLEQDD) RETURN

IF (S.G7.1.5477} GO TO 2

X=A(1l)

DO 1 N=2,8
1 X=X*3+A(N}

X=EXP{X+A19}/5)

IFf (P.5T.XKV®X) RETURN
2 J=0

LGFN=,FALSE,

RETURN )

END
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C DECK ODATA

BLOCK DATA

COMMON /LDATA/ R{&}

DATA R/140:259.8347,31.9988, 1.804444E~3,5.6,1.4/
END

C DECK OTLG

SUBROUTINE TLOGIC{P,T)
DIMENSION A(8)
DATA A/l.54156?3E-7"5-53323E-6'2.?328938E-4,-3.4963316E-3'*1.5338
1068E-445.4B7465E~14-1,4597974,49,35502/
IF(T.GT154.7TTIRETURN
V=ALOG(P)
S=A(1)
DO 1 N=2,.,8
1 S=S¥V+AIN)
IF‘T.LT.S, T=5
IF{T . LT.59.0)T=59,0
RETURN
END

Oxygen, range I. - The equations for the compressibility factor and the ideal-gas
specific heat for oxygen (range II} are the result of a curve fit of the data in reference 5.
The temperature range of these fits is from 180 to 3000 K. The pressure range extends
to 100><105 pascals. These equations only apply to undissociated oxygen.

In order to check the accuracy of these curve fits, the values of Z and C_ calcu-
lated by these routines were compared with those tabulated in reference 5. Over most
of the temperature and pressure range, Z agrees to within 0.1 percent and C_ agrees
to within 0.5 percent. The maximum disagreement is 0.3 percent for Z and 16 percent
for C_. This 16 percent disagreement in C p occurred at a temperature of 180 K and a

pressure of 40 bar.

The card listing of these routines follows. The prefix for the deck names is HO.
C DECK HOZETA

g?ggDUTINE ZETA (KK, PP,TT,2)
NSION BB{(1lls4)y, CC(Ll1y4)y DO{ll,4)y BCD(1ll,4,3)s Z{(6 Af4
EQUIVALENCE (BB(1),BCD{11), (CC(11),BCD(45)), (D){l):BCD(;;Il‘ 2
DATA BB/-6.020176BE-10+3.97764E-943.1681402E~8,-2.5592444E~7,-8.15
11319GE=~8+Ta9BTHE99E-T7,2,4938354E~5,~1,51640T4E~4,~1,606299E-4,1,06
21436E-3,-2.8220151E-5,4.8161414E-9,-2,784348F-B,-1.9008841E~-7,1.27
336222E-653.260528E-T4-2.396301E~6,-4.9BT6708E~5,1.6164074E~-430usls
4061435E-3,4-5.6440302E~5,5.4181591E-9,~3,182112E~8,-2.2176981E-T,1.
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553554556 =6,4.07T5066E~T4=3.195068E~64-T+4B15062E~543,2328148EC-4,1.560
66299F=440,y-248220151E-5,-9.33452T3E-8,2.22T4784E~-751.3336189E-5,~
TT7.6TTT332E-6,+~1.5630264E-649.5852039E-641.4963012E~4,-3.2328148E-4,
BZ*D- "5:6""’0302E—5’

DATA CLC/2%D.43,0082239E~11,-3.4381911E-9,3.3326542E-8,4-9.0112977E~
18,3.5646415E~Ty=2.4130715E-6,56.4195294E-6,4-4,0224821E~-6,9,912137E~
27 +2%049=1.5041119E~10,1.3752TH4E-B4-9.9979626E~8,1,.8022595E~T7,~3.5
3646415E"71°. '604195294‘&-6’-890449642E"'6, 2-973641 1E"6l2*0- !“'9. 92"‘67
41 7E-11+B.59547TTBE=9y ~6.665308B4E-8,14351694TE-Ty-3.5646415E-7,1.206
553508E-590es=2eD11241E-6,9,91213TE-T2%¥0.,4.5123358E-10,-3.4381911F
6=851.9995925E«T,3-24T033B93E-T33.5640415E-T92%049~4.0224B21E-6,+2.597
T36411E-6/

DATA DO/3*0,41.666T272E~104-1.9308409E-9,5.4868082E-9,3.0655349E-9
1y=T.5825T03E-9+:-5.6411225E-8,8.3326385E-8,-2,6382638F-8,3%0,,-5.00
2D1B16E-10,3.8616818E~9,-5.4B468082E~940.+-7.58257T03E-9,-1,1282245E~
37,2.4397316E-7,-1.0553055E-T+3%0.4,-2.2223029E-10+1.2308409E~9,~3.6
4578721E~9,-1.0218456-9,0.4-1.8803742E-8,5,5550923E-8,~-2.6382638E-8
543%¥0,45.6659088E~10,-3,8616B18BE~9y3.6578T21E-9+42%D4+-3.76074B3E-8,
61.66652TTE~T4~1.,0553055E-7/

5=1000.0/T7

P=PP/S

K=KK

DO 3 J=1.4

IF {KoEQse2.AND.J.NE.2} GO TO 3

PO 2 I=1,3

AlJs1)=BCDILlyJd,1}

DO 1 M=2,11

Al D) =ACI, [ 1%S+BCDIM,J, 1)

CONTINJE

IF (KeEQeleANDJ.EQ.1) GO TO &

CONT INUE

ZU2)=1.0+{A(2,L)+(A02,2)+A(2,3)1%P)%*P)%pP

Z(a)=(A(241)}+(A(2,2)72.0+A(2,3)%P/3.0})%P)%p

IF (X EQ«2} RETURN

Z{5)=CA(341)}+(A(3,2)+A(3,3)%P)*P)%P

ZU6)={Al&104{A(442) +AlG4,3)%P)2PI%P

Z(1)=1.04(A{1,1)+(A(1+2)%A(143)%P)%P)%pP

ZU31=1,0¢{2.0%A11, 11+ (3, 0%AL),2)#4,0%AL1,3)%P}%P %P

RETURN

END

C DECK HOTEMP

o4

DOUBLE PRECISION FUNCTION CP (T)

DOUBLE PRECISION HI{2),51{2),$

DIMENSION A{9,3,2)

DATA Af-223.15231+414.9894,-195,445B6,~64.414824,6T.444T44,-5,4398
1936,4-3,9799316,0.8979885,2.4467825,-27.894039,59.2842,-32,57431,-1
22.882955416.861186,-1.8132979,~1, 9BIFE5R, 4 B8ITIVB5, 2. 446TR25,-24,.79
36701+51.873675,-27.920837,-10,7356804,13,488949,-1.3599734,-1.32664%
439, .44399425,2.446T825,-2.9168448E-4,43.1868334E~3,-6,69886564E-3,-2
54453835E~2y3,449346BE-2,.50862664-1.,92B80242+2.90769%441.6993272,-3
62 646D55E-544.5526191E~4,-1.1164T7TE-3,~4,90T67E-3,8.623367E-3,,169
75422,-.964012142.907694441.6993272,-3,2409387E-5,3.9835418E-4,-9.5

8698091E-4,-4,089725E-3,6.8986936E-3,.12T15665,-.6426T7473,1,4538472
9+1.6993272/



DATA H[gSll1.176126027040027.135.0144920564057:27.74745?67553619’2
16.21635718&74784/7
K=1
1 J=1
$=T/1.230D3
IF (5.67.5.34052860-1}) J=2
LP=A(1,K,J}
00 2 N=2,8
2 CP=CP#S+A(N.K,yJ)
GO TO (344:51,K
3 CP=CP&S+A(S,41,4J)
RETURN
ENTRY CS(T}
K=2
GO T0 1
4 CP=CP%S+A{9,2,J)1*DLOGIS)+S1(J)
RETURN
ENTRY LH{TI
K=3
GO TO 1
5 CP=T#(LP*S+A(9,3,J1)+HI{J)
RETURN
END

¢ DECK HOLOG

LOGICAL FUNCTION LGFN (P,T,J,1)
DIMENSION Z(6)
J=1
LGFN=.TRUE.
IF {(PelTeDoeleORePoGTolalETaDR.T (LT o17940.0RaTo6T43010.0.0R.Z(1}.LE
1e0eDsORaZ(2)LELDD0R.Z13).LE.U.D) RETURN
J=0 S
LGFN=, FALSE,
RETURN
END

C DECK HODATA

BLOCK DATA

COMMDN /LDATA/ RI(6)

DATA R/1.D0,259.8347,431.9988,1.804444E~3,5.641.4/
END
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C DECK HOTLG

SUBROUTINE TLOGIC (P,T)
IF {TabLT4179.0) T=179.0
RETURN

END

Normal Hydrogen

For normal hydrogen, the equations for the compressibility factor and the ideal-gas
specific heat are the result of curve fits of the data in reference 5. These equations
cover a temperature range from 70 to 600 K. The pressure range extends to 100x10
pascals.

In order to check the accuracy of these curve fits, the values of Z and C_ calcu-
lated by these routines were compared with those tabulated in reference 5. Over most
of the temperature and pressure range, Z agrees to within 0.1 percent and C_ agrees
to within 1 percent. The maximum disagreement is 0.2 percent for Z and 5 percent

for Cp‘

The card listing for these routines follows. The prefix for the deck names is NH.
C DECK NHZETA

SUBROUTINE ZETA (KKyPP,TT,Z)
DIMENSION 7(6)y BCD{6y492)s A(4,2)
DATA BCDIZ.3086554E-3.-1-56200625-2;3-377657E'21”3.6316ZG4E~2,5.87
14617E-303-l39145#ﬁ-31-1.12346215-274.6360185E-2|*6.7553139E-2u3.63
216204E-2g0-,3.1391454E—3p‘1.4043277E-216.2480247E-29*.10132971q7-2
35324095-2'-5.874617E—3r0-95.6173107E-2r‘-18744074,.20265942,-7.263
424095-2,2*0.'-3.4569934E—5,1.5821139E-4a-2.2152582E—4,5.7982627E-5
5,1.5996837E-4.4.05240865-5,1-38279745*4,-4.7463417E—4.6.4305163E-4
6.—5.79326275—5.0.'4.0524986E—5s3.6424835E*5p'3.16ﬁ2278E-4,3.322357
TZE-&,-5.7952627E*5.-7.99841365-519-"3.4569934E-4'9.49268335-4.-6-
B645TT45E~4,5,798262TE-5,2%0.7
$=2100. /7T
P=pp
K=KK
Do 3 J=1,4 :
IF (KeEQ.2.AND.J.NE.2) GO TO 3
DO 2 I=1,2
AlJ]I)=BCD(IBJ91’
DD 1 M=2.46
1 A{dsI)=A0J, [)%S+BLDIM, J, 1)
2 CONTINUE

IF (KeEQel.ANDaJ.EQ.1) GO TO &
3 CONT INUE

L(2)=1.04(A{2,1)4A{2,2)%P) %P

Z14)={A(2,1)+A(2,2)%P/2.0)%P

IF (KsEQ.2) RETURN

ZISI={AL3,1}+A(3,2)%p)xp

ZI6)={Al4,1)+A(4,2)%P) %P
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4 Z(1)=1.0¢(A(1,1)+A(1,2)%P)%P
7(31=1,04¢{2.0%A(1,1)+3.0%A(1,2)%P)%P
RETURN
END

C DECK NHTEMP

DOUBLE PRECISION FUNCTION CP (T)

DIMENSION A(8,3+2)

DOUBLE PRECISION CS,CHyS.HIC2),51{2)

DATA A/4.4152T734E-3,-5.177T9658E-2,.,1990402,-9,9781436E-2,-1.259836
13p3.271702'-2.401852612-9533733'6.3075334E~4c-8.629943E-3;3.980804
2E-2'-2.4945359E-2y--41994543,1.635851.-2.4018526'2.0533733,5.51909
318E*4'*T.397094E—3'3.3173367E-2'-1.995628?E-2.*-31495908-1-0905673
49-142009263,2.,0533733,1.4719026E~64-2.5457897E-5,-1.6392985E-4%,4%.5
5782095E-3'-1.8045494E—2,-6.6869337E-2..5687798,1.5362018'2.IDZTIBE
b=Te=4e2429828E~64~34 2TB59T2E-5y1.1445524F-3,-6.015164TE-3,-3.34346
7695-2.-5687798'1.5362018'1.8398783E-7'*3.6368424E-6;“2.T321643E—5-
89.1564192E~4%,-4.51137356-3,-2,.2289779€E-2,.2B43899,1.5362018/

DATA HI.SI/118.5090360344103,85,18245132337324,12.03503970042298,1
10.19772192852219/

K=1

1 J=1

$=T/1.2D2

IF (5.6T.3,.30230786D0) J=2

Cp=ﬂt1|K!J,

B0 2 N=2,7

2 CP=CP*S+A(N'K1J'

GO TO (344,51,K

3 CP=CP25+A(8,1,.J)

RETURN

ENTRY CSI(T)

K=2

GO TO0 1

4 CP=CP®5+A({8,2,J)*DLOGIS)+SI(J)

RETURN

ENTRY CH{T)

K=3

GO TO 1

5 CPO=TH{CPRS+A(B,3,J) +HI{ I}

RETURN

END

€ DECK NHLOG

LOGICAL FUNCTION LGFN (P,T+JsZ)

DIMENSION 2(6)

J=1

LGFN=, TRUE.

IF (PalTeDaleORePaGTalalET DR ToaL¥ab69.040RTo6Ta610.0.0R.ZI1}.LELD
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LeOuOReZ(2)ulEaDeDeDRLZI3)uLELD.D) RETURN
J=0

LGFN=.FALSE.

RETURN

END

C DECK NHDATA

BLOCK DATA

COMMON /LDATA/ R{é&)

DATA R71.094124433,2.015%4,1.136808E-4,5.6514%/
END

C DECK NHTLG

SUBROUTINE TLOGIC (P,T)
IF (T.LT469.01 T=69.0
RETURN

END

Parahydrogen

For parahydrogen, the equation for the compressibility factor is from reference 9.
For temperatures below 100 K, this equation is based on the parahydrogen data of refer-
ence 10. For temperatures above 100 K, this equation is based on normal-hydrogen data
such as that found in reference 5. The eguation for the ideal-gas specific heat is the
result of a curve fit of the data in reference 11. For temperatures from 13 to 100 K, the
pressure range extends to 300>~<105 pascals. For temperatures from 100 to 400 K, the
pressure range extends to 100><105 pascals.

Except for the critical region, reference 9 estimates the mean error in 7 to be
0.3 percent. Over most of the range from 100 to 400 K, the values of Z calculated by
these routines agree with those tabulated in reference 5 to within 0. 1 percent. No com-
parison of C_ was made.

The cardp listing of these routines follows. The prefix for the deck names is PH.



C DECK PHZETA

SUBROUTINE ZETA(KK,PP,TT,Z)

DIMENSION 216}

DATA A,Bl1+B24B3,B44B5,B6,87,88,89,810,B11,812,813,B14,815/-4.42910
1289E-64,1,0229558E-2,~7.81250336E~1,-43.7354838,7T00.54484,-61088.73
2083 TBLS1916BE-5,T+T3T6T544E-3,3.58441339E-T7,~-32.0855334,3046.6492
36,-58106.0523,2,84494816F-3,-4,98394981E~-1,10.7837894,1.9225229t-8
4/

COMXsYyZ)=X®S534YRS4+ %55

K=KK

p=pp

T=TT

S1=1.2/7

§2=51%S1

§3=51%52

S4=51#%53

55=51%54%

P2=P%p :

EXPO=EXP{A®P2)

AA=1,3/(2.0%A)

BB=1.,2/A

Ct=C0Di{BR9,B10,B11)

C2=C0(B12,B13,B14)

IF (K.EQa2) GD TO 1

BAL=BL+B2%*51+B3%S24B4%53+B5%55

BA2=B6+BT#S51

ZA=1.0+{BAL+(BAZ+{BB+BL1S5%51%P2)%P)&pP)%p

ZB=EXPI*P22(C1+C2%P2)

I{l)= ZA+IB

ZA=1.04{2.,0%BAL+{3,0%BA2+(4.0%BB+6.0%B1SES1*P2) %P | %P)%p

2B8=P2oEXPO* {3, 0%C1+( 2, 0%A%L1+5,0%C2+2, 0% 2%P2%A)*P2)

Z(3)= IA+IB

IF (KsEQesl) RETURN

1 BT=81-B3%52-2,0%B4*53-4,0¢B5%55

C1P=-CO0(3,0%B9,4.0*B10,5.0%B11)

C2P=-C0{3.0*B12,4.0%B13,5,0%B14)

CCl=Cl+C1lP

CC2=C2+C2P

ZA=1 .0+ (BT+{B&+BB*P) %P ) %P

IB=P2%EXPO*{CC1+CC2%P2)

Z(2)= LA+1B

ZA=(BT+{B56/2.0+BB*P/3,0)*P) %P

ZB=AAS(EXPO*{CCL+(P2-BB)1*%CC2}+BB*LL2-CC1)

Z14)= ZA+7B

IF (KsEQ.2) RETURN

ClPP=CD{9,0*B9,16,0%B10,25.0%811)

C2PP=CD{9.0%B12,16.0*B13,25,0%B14%)

IA=~({B2%S5]1+2,0%B3%52+3,0%B4*53+5,0%¥B525S5)+(BT£51/2.0+BL5251%p%%3/
15.,0) %P ) »p

IB=AA%*(EXPO*(C1P+{P2-BB)%C2P)+BB=*(C2P~-C1P}

2(5)= LA+18

CC1lP=C1P+C1PP

CC2pP=C2P+C2PP

ZA={2.)%B3¥S2+6,0%B4*53+20,0%B5*%55) #P

IB=AAX(EXPO*{CCLP+{P2-BB)*CLC2P)+CL2P2BB-CCLiP)

Z(6)= ZIA+IB

RETURN

END



C DECK PHTEMP

DOUBLE PRECISION FUNLTION CP(T)

DIMENSION A(643,4)

DOUBLE PRECISION SL{3),S5I{4),HIL4),S

DATA A’S*DQDQ1-5‘5*0.0,1-595*0.0'1-5'0-0"5-4?7243'140151817"-10.9
1926945 3.445016T314118107930405-1e36931075,4.7172T7233,-5.496367,3.4
2645016T741.1181079,0.3,-1.0954486,3.53795425,-3.66423133,1,72250835,
31.1181079,-.960621148.1602445,-26.350196,39.1680848,-25.0299192,7.
426108881,-.19212422,2.04006112,-8.T8339B67,419.5B8403424,-25.0299132,
§7.256138881,-.160103517,1.6320489,-6,587549,13.0560283, -12.5149596
647.26108881,2%0.0,-2.3415379E~2,.3216503,-1.4584629:4471411564+2%0.
T04=Te8I512633E~34.160825]15,-14584629:4%.T141156,2%0.0,-5.85304475E
B-3,.107216767,-.72923145,4.7141156/

DATA SI4HI/9.,9B2T74)57901375,8.8678B7T7636855692,22.54596376458948,
111.14950174192363,-.02542047420268701,3.222638996244185,-133.53218
2TBT095T74,+-282.19T8829444169/

DATA SL/.29995132700,.8020822700,2.00239831D0/

K=1

1 $=7/1.JD2

IF(S.GY.S5LE1})GD TO 2

N=1

G0 TO 5

2 IF(S5.6T.,5L(21)16G0 TO 3

N=2

GO TG S

3 IF(S.GY.5L(3))GO TO 4
N=3

GO TO 5

N=4&

CP=A(1,K,N)

DO & 1=2,5
CP=CP&S+A({I,K,N)

GO TO (748,91 4K

T CP=CP%ES+A(H6,414N)

RETURN

ENTRY CSI(T)

K=2

GO TOo 1

8 CP=CP*5+A(6,2yN)*DLOG(S)+51(N)

RETURN

ENTRY CH(T)

K=3

GO TO0 1

9 CP=T*(CP*S+Al6,3,N+HI(N)

RETURN

END

R

o

C DECK PHLOG

LOGICAL FUNCTION LGFN (P,T,0,2)
COMMON /LDATA/ KKV Ry XMH 4RC4 D2, 6
DIMENSION Z(6), A(8)

DATA A7208D0.3847,-2120.5641 878.06684,~

1688116331473, 1. 026 coe? ' 49~213.15163,41.218448,-2,0944
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5=T/103%.D
J=1l
LGFN=<TRUE.
IF (PelTeDuleORePebT a3 elETo0RaSa6T a4l s ORaSabLT4041340RZ(1)LELDD
1eOR. 202} e LEa0eDaOReZ {3 )alEalaleDR (P GTolelETLAND.S.GTL1a1)) RETUR
ZN
IF (S5.GT.0.32976) GO TG 2
PL=A{1)
DO 1 N=2,7
i PL=PLES+A{N)
PL=XKVEEXP{PL+A{8)/S}
IF (P.GT.PL) RETURN
2 J=0
LGFN=4,FALSE,
RETURN
END

C DECK PHDATA

BLOCK DATA

COMMON FLDATA/ Ri6)

DATA R/1e09%4124433,2.015%9%41.136808E-445,.64+1.4/
END

C DECK PHTLG

SUBROUTINE TLOGIC(P,T)
DIMENSION A{6)
DATA A/5.6592537E-54-3,5285986E-4,-5.8183381E-3,9,6000865E-2,6.523
132B8E~-1,3.618144/
[F{T.GT.32.9T6)RETURN
V=ALOG(P)
S=A(1)
DO 1 N=246
1 S=S%V+A(N)
IF(T.LT.S)T=S
IF‘T.Lttl3-D)T=13¢D
RETURN
END
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Helium

For helium, the equation for the compressibility factor is from reference 12. Since
helium is a monatomic gas, the value of the ideal-gas specific heat at constant volume
Cv,id/R is 1.5. Reference 125c1aims a temperature range from 3 to 300 K and a pres-
sure range extending to 101x10" pascals. This report assumes a temperature range from
5.4 to 400 K and a pressure range extending to 300><105 pascals. These are the same
ranges assumed in reference 6, which uses the same equations.

For pressures to 101><105 pascals and temperatures from 10 to 300 K, reference 12
estimates that the calculated values of p, H, and S are accurate to within 3 percent and
that the values of C_ are accurate to within 5 percent.

The card listing of these routines follows. The prefix for the deck names is HE.

C DECK HEZETA

SUBROUTINE ZETA{KKsPP,TT,Z)

DIMENSION Z(6)

DATA A,B1,82,B3,B4,85,B6,B87,88,89,B10,811,B12,813,B14,B15,816/
1-4,057E-6%44.0665013E-3,~1.1267764E-1,2.3039266E-2,~5.7468818E~2,
2123691 36BE~1,9.7390626E~6,7405438T6E~4,~5,3854984E-6,~3.8053762E-3
342.625179E-2,7.674266E-2,-8.7904911E-7,1.9960611E-6,~8.130016TE-6,
43,6743583E-8,-3.40494356-11/

COUXyYyZ)=XRSI+YRS4L+ %S5

K=KK

p=pp

T=TT

S1=1,0/T

$2=51%S1

$3=52%51

S4=53%S51

$5=54%51

AA=A%*S1

P2=pap

EXPO=EXP{AA%P2)

C1=CO(B9,810,B11)

£2=C0(Bl2,B13,B14)

IF (K.EQ.2) GO TO 1

BAL=B1+B2%S1+B3%52+B4%53+B5%S5

BA2=R6+BT*S1

ZA=1.0+{RAL+(BA2+(BB#S1+(BL5%S1+BLl6RS1EP ) &P } %P %P ) %P

ZB=(Cl+C2%P2)*P2*EXPD

Z(1)= ZA+ZB

ZA=1.04(2.0%BAL+(3.0%BA2+(4,0%BB*S1+(5.0%B15%5S1+6.0%BL16%S1&P)*P) &P
1)%P)%p

IB={3.0%C1+(2,0%AARC1+5.0%C2+2,D%AAC2%P2)#P2 ) %P 2%EXPO

Z(3)= ZA+18

IF (K.EQ.1) RETURN

1 BT=81-B3%52-2,0%B4*53-4,0%B5255

ClP=-CO(3.0%B9,4,0%B10,5.0%811)

C2P=-C0(3.0%B12,4.0%R13,5,0%B14)

Cl1=(2.0%C1+C1P)/AA

C22=1(3,0%C2+L2P)/AA

ZA=1.04({BT+B6*P)*p

IB=P2REXPOR{C1+C1P+( ~AAXCLI+L24C2P-AASL2%P2) %P 2)
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212)= ZA+1B

IA={BT+B6*P/2.0) %P
1B=0.5%(EXPO*(C11-C22/AA+({-C1+C22-C2%P2)%P2}~-C114C22/AA)
Zl4)= IA+1B

IF (K.EQ.2) RETURN

Cll=(CI+C1P}/AA

C22=(2.,0%C2+C2P)/AA

IA=(-(D2%S] +2.0%B3%52+3,0%B4%xS3+5,0%B5%S55)+(-BT7%51/2.0+(-B8*S1/3.0
14 {-B15%51/4,0-B1l6%S1%P/5,.0)=P)xpP)*P)*p
Z8=0,5%(EXPO*{C11-C22/AA+(-(1+022-C2%P2)#P21-C11+C22/AA)
Z(5)= ZA+IB

C1PP=CO(9.0%*B9,16.0%B10,25.0%B11)
C2PP=LD(9.,0%¥B12,16.0%B13,25.0%B14)
Cll={2.0%C143,0%C1P+C1PP)/AA
C22=156,0%C2+5.0%C2P+C2PP )/ AA
ZA=(2.)%¥B3252+46 ., 0%B4%53420,%B5%55) %P
ZB=Q.5*{EXPO*(CII*CZZfAA+{-2.0*(Cl*ClPl+522+(AA*CI-B.O*CZ-Z.D*CZP+
LAASC2%P2) P2 ) %P2 )-Cl1+C22/AA)

Z16)= IA+IB

RETURN

END

C DECK HETEMP

DOUBLE PRECISION FUNCTION CP(T)
DOUALE PRECISION 5,C15,514HI
DATA C15,51,HI/1.5D0,4.75063D0,6.98973D0 /
CpP= C15

RETURN

ENTRY CS{T)

$=T

gp= C15*DLOG(S)+S1

RETURN

ENTRY LHIT])

$=T

Lp= Cl5%5+HI

RETURN

END

L DECK HELOG

LOGICAL FUNCTION LGFN(Py T4Jyl}

DIMENSION Z21{6)

Jd=1

LGFN= .TRUE,

TF (PelTeDaleORaPaBT a3 ulETa0RaTalTa0a%e0RaTeGT 410.,0.0R,Z2(1)LE.D
1De0ReZ{2)WLELD+DeUORLZ{3).LE«D.DO) RETURN

J=0

LGFN= LFALSE.

RETURN

END



C DECK HEDATA

BLOCK DATA

COMMDON ZLDATA/ Ri6)

DATA R/1e0+207722554.0026,2.538663E-4,43333,1.6666667/
END

L DECK HETLG

SUBROUTINE TLOGIC(P,T)
IF{T.LT.5.4) T=5.4
RETURN

END

Argon

For argon, the equation for the compressibility factor is from reference 13. Since
argon is monatomic, the value of the ideal-gas specific heat at constant volume Cv, id/R
is 1.5. Reference 13 claims a temperature range from 86 to 300 K and a pressure range
extending to 1010><105 pascals. This report assumes a temperature range from 80 to
400 K and a pressure range extending to 1'000><105 pascals.

The values of Z and C_ calculated by these routines (using the state equation of
ref. 13) were compared with those tabulated in reference 5. Over most of the tempera-
ture range 200 to 400 K and for pressures under 101><105 pascals, Z agrees to within 0. 1
percent and C_ agrees to within 1 percent. The maximum disagreement (at about 200 K
and 100 bar) was 2.4 percent in Z and 15 percentin C_.

The card listing of these routines follows. The prefix for the deck names is AR.
C DECK ARZETA

SUBROUTINE ZETA(KK,PP,TT,2)

DIMENSION Z(6)

DATA A.Bl.82.83,84&5'86:37'88'39,BlD,Bll.Blz-313,514.315/-3.03798
136BE~b65Te925596TTE-4+~2.73TTOL36E-1,-20.5241378,-808.296022,297857
26=6g5n382625E—7g-3.57177204E—5'4.328578955’10,3-67665496,493. 10182

zgé-27;15.9942.«3.103015965—6.2.22667069E-3,5.232794415-2.8.3194522
-14

COU(XyYyZ)=XRSI+YR544 2555
K=KK

P=pp

T=T7

S1=1.0/7

$2=51%S]

S3=51%52

S4=S1%53
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55=51#%54
P2=pP*p
EXPO=EXP{A*P2}
AA=]1.0/12.0%A)
BB=1.3/A
c1=C0(B9,810,811)
C2=C0(B12,B13,814)
1F {(K.EQ.2) GO TO 1
BAL=B1+B2%S1+B3*52+B4%*S3+B5%55
BAZ=B6+BT*S51
7A=1.0+{BAL+(BA2+(BB+BL5*S1%P2)%P)%P)*p
IR=EXPO*P2%(CLl+C2%P2)
(1= ZA+1B
ZA=1 D+ (2.0%BAL+(3.D*BAZ+{ 4. 0%BB+6,0%B15%51%P2)*P)*P} %P
1B=P24EXPO*{3,04C1+{2.0%A%CL+5,0%C2+2.08C2%P2¥A)*P2)
2{(3)= ZA+18B
IF (K.EQel} RETURN
1 BT=81-B3%52-2,0%B4*53-4,0%B5%55
C1P=-C0{3.0%89,4.0%B10,5.0%B11)
C2P==LD{3,)%812,4.0%813,5.0%814)
CCl=Cl+C1P
CC2=C2+C2P
ZA=1,0¢(BT+(B6+BB*P) %P )*P
18=P2%EXPO* (CCL+CC2%P21
I(2)= IA+IB
IA=(BT+(B6/2.0+BB*P/3,0}*P)*P .
ZB=AA¥{EXPO*{CCl+{P2-BB}*CC2)+8B*LL2-CC1)
Z{4)= ZA+1B
1F (K.EQe2) RETURN
C1PP=C0{9.0%89,16.0%810,25.0%811)
C2PP=C0(9.0*BLl2,16.0%813,25.0%B14)
TA=={{B24S1 +2.0%B3#%52+3,0%B4%S3 45, 0%B5*S5)+{BT*51/2.04¢BL5%51%P%*3/
15.0)%P) %*p
IB=AA*(EXPD*{C1lP+(P2~-BB)*C2P)+BB%L2P-C1P)
Z(51= ZA+Z8
CClP=CLP+C1lPP
CC2P=C2P+(2PP
2A=(2,0%B34&5246,0%B4%53+20.0%B5%55) %P
IB=AA*{EXPO*(CCL1P+(P2-BB)*CC2P )+CCZ2P*RBA~-CL1P)
Zi6)= ZA+IB
RETURN
END

C DECK ARTEMP

DOUBLE PRECISION FUNCTION CPI(T)
DOUBLE PRECISION S,C15,51

DATA C15,51/1.500,10.54223318/
ce=Cl5s

RETURN

ENTRY LSI(T)
CP=C15*DLOG{DBLE(T) ) +S1

RETURN



ENTRY CHIT)
CP=C15%T
RETURN

END

C DELK ARLDG

LOGICAL FUNCTION LGFN {P,T,J,.2}

COMMON /LDATA/ XKV,RXMHW,RC,D2,6G

DIMENSION Zi6)

$=T/102.0

J=1

LGFN=+.TRUE.

IF (PalTeDaeleORePobT s lelEB.OReSaGTa%0leORaSalTadaBoORaI(L)LES}ale
l0RaZ2(2)4LEeDeGaORSZ{3).LELDLD) RETURN

IF {(5.GT.1.5086) GO TO 1
PL=XKVEREXP[-9,3287334/5424,4T1369+(-3,5108148+1.0598825%5})%5)
IF (P.GT.PL) RETURN
1 J=0

LGFN=. FALSE.

RETURN

END

C DECK ARDATA

BLOCK DATA
COMMON /1LDATA/ R{b)

JATA R/1.05208.1306439.948,42.5337T16E-3,5.6,1.66666677
END

C DECK ARTLG

SUBROUTINE TLOGIC(P,T)
DIMENSION AtS)
DATA Afb.46125355*3.—1.3007335E“l,3.98892455-1112.49659,*24.58315/
IF{T.6T.150.86)RETURN
V=ALOG(P)
S=A(1])
DO 1 N=2,5

1 S=5%y+A{N)
ITF(T.LT.S)T=5%
1F( r.LT.BD. ]T=80.
RETURN
END
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Steam

For steam, the equations for the compressibility factor and the ideal-gas specific
heat are derived from equations (1) to (3) in reference 14. The temperature range for
these equations is from 273 to 1600 K. The pressure range extends to 1000><105 pascals.

It is estimated, that except for the critical region, the values of Z are accurate to
within 0. 2 percent.

The reference state for the internal energy and entropy is that of the liquid at the
triple point. (The value of the enthalpy at this state is 0.6 joules per kilogram.)

The card listing of these routines follows. The prefix for the deck names is ST.

In this case, Z(1) to Z(6) are calculated in subroutine ZETA regardless of the value

of K.
C DECK STIZIETA

SUBROUTINE ZEVA (K,PP,TT,Z)

DIMENSION Z2(6)s Al8yT)y D(TsT)e PI{1042), PAIL2)y FLUT4+3}

DOUBLE PRECISION DsPD :

DATA A/29.492937,-132.13917,274.64632,-360.93828,342.18431,-244.50
1042,155.18535,5,97284874-5.,1985860,7.,7779182,-33,301902,-16.254522
2,=177.310T4,412T7.48742,137.46153,155.9783646.8335354,-26.149751,65,
3326396,-26.181978,4%0.0,-.15641040,-.T2546108,-9,2734289,4.3125840
Gy4%0 409643972405, 26,409282,~4T7.740374,564323130,4%0.0,-3.9661401,
5154453261 4-29.14247),29.568796,4%0.0,-469048554,2,7407416,-5.10280
67053,9536085,4%D,0/

DATA D/-%1D.3084800,337.3118000,-137.4661800,6,7874983D0,136.87317
100,79.84797000,13.04125300,-416.,058B6000,-209,.838866D0,~-733,9684800,
210.401T1700,645,.8198000,399.175700,71.531353D00,1137.363504,-2038,8
373960,-808,0992960,3-11.77655784,634.56463840,415,0811440,80,4646916
40,1997.081280,1007.465568,3523,048704,-49.92824160,-3099.,930240,-1
5916.063360,-343,3504944,3106.844208,-365T7.9706D0,-148.,261632J,-%4.
635654958,-22.34483200,31.810888D00,17.86667T720,-1465.1822592,11301.
7526144410924,.9740288,4~43.329005568,-9246.1631232,-5824.4762112,-10
872.,93150848,-9585,990144,-4835,8347264,~-16910.,6337792,239.65555968
9,14872.665152,9197.,208128,1648.08237312/

DATA TC'E'PAJ'pJ,105449120'-408| 0634’ 1«0!20*1:0’

P=PP/1.DE3

T=1.0E3/TT

DC 1 N=lk,2

PJlayN}=P-PAJ{N])

PUL2,N)=1.0/PJ4,N)

PI{L NI=PJ(2,N)*%2

DO 1 [=5,1D

1 PIII4NI=PILI-1L4NI®PI(4,N]

EXPO=EXP(P%E}

PD=DBLE(P)

N=1

DO 3 J=1,7

FIUJ,L)=EXPO*{SNGLID(J,1)+D{J,2)%PD))

FI(Je2)=EXPOX(SNGLIDI{J,y1V+{D{J43)+D{J,4)%PD)*PD))

F1(Jy3)=EXPO®ISNGLID(I+5)+{0D(Jy6)+D(I,T)¥PDIZPD))

DO 2 I=1,.8

IF (JuGTe2.AND.1.GT.4) GO TO 3

FECIyL)=sFI(JsL+A{I, H)*PI{T+24N)

XI=1I
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FICIp21=FI{ds2)+ALT»JI*R(XI#P-PAJ(N))I*PI{I+]1,4N)

2 FI(J¢3)=FI0J,3)4ALT,J)%(XTI=1o0)5(XIEP~2, 0&PAJIN) ) &PI(I,N)
3 N=2

PT=P#T

SC=T-TC

Q=FI{l,1)+F1(241}%*5C
PQ=FI{1,2)+F1(2,2)%5C
PPQ=FI(1,s3)+FLI(2,3)%S5C
vv=5sC

V=1.0

5=T-2.5

$2=5%§

TQ=FI({2,41}

TTQ=0,2

PTQ=FI{2,2)

DO 4 J=3,7

V=y%5

VV=VV*5
O=Q+VV*FI{J,s1}
PRQ=PQ+VEFI{(4,2)
PPQ=PPQ+VV*FI(J,3)
XJ=4-2
Tl=(XJ*SC+S}*V/S
TQ=TQ+T1%FI{Js1l)
PTQ=PTQ+T1*FI(J,2)

4 TTQA=TTQ+XJ*x{ (XJ-1.0) ¥SC+2. 0*S)evxF{J,11/52
Z{1)=1.0+P2PQ
Z(3)1=2.0%2(1)-1.D+P*P*PPQ
Z(2)Y=2(1)-PT*PTQ
Z(5)=-PT%TQ
Z(4)=P*Q+2(5)
I(6)=T&PT2TTQ
RETURN
END

C DELK STTEMP

DOUBLE PRECISION FUNCTION CP(T)
DEMENSION Al6,43)
DOUBLE PRECISION S
JATA A/-4210280604.5343T455,—u24T66T7309,1.8177938,2,1912746,.099672
1813,~.052570150,.17812485,-,23833655,1.8177938,2.1911746,-.0996728
213,-4042056120,+413359364,-.15889103,.90889688,2.,1911746,99.672813/
DATA HIZS1/4612.7316,17.238170/
K=1
1 S=T/1.0E3
CP=A(1,K)
DO 2 1=2,4
2 CP=CP%xS+A({I,4K)
GO TD (34445),K
3 CP=CP¥S+A(5,K)+A(6,K}/S
RETURN
ENTRY CS(T)
K=2
GO 101
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4 CP=CP#S+A(5,2)*DLOG{S)+Al6,2)/5+5]
RETURN
ENTRY CHI(T)
K=3
GO TO 1

5 CP=TH(LPAS+A(5,3) )+A(643)%#DLOGIS)+HI
RETURN
END

{ DECK STLOG

LOGICAL FUNCTION LGFN (P,T,d,1)
DIMENSION Z(6)y A(D)
COMMON /LDATA/ XKVyR 4 XMWsRCeD2+6
DATA Af2.8281601E-5,=-5.8328303E-4%,4.084426E-3,-5.9629737TE-3,-7.000
13883E-2,5.6897698E-1,~3.091692,35.493889,-64,278808/
5=¥/100.0
J=1
LGFN=,TRUE,
IF (PoBTele0lEBeORP.LTe0e1,0R.5.6T01601a0RLS,LTo2.73.0R.Z(1).LE.D
1.0 OR.Z{2) o LELD.D.ORLZ{3}.LE.D.0) RETURN
IF (S.GT.5.4T7286) GD TO 2
PL=AIL1)
DO 1 N=2,8
1 PL=PL*S+A(N)
[F (P.GT.XKV*EXP(PL#A(9)}/5)) RETURN
2 J=0
LGFN=.FALSE.
RETURN
END

C DECK STDATA

BLOCK DJATA
COMMON /LDATA/ RIL6)
DATA R/1a03461.51,18.01534,9.82042E-%45.6,1.3333333/

END

C DECK STTLG

SUBROUTINE TLOGIC (P,T)

DATA Al,A2,A3,A4,A5¢A6/2.6832873¢-041739764,40388T7TT73784-1.7257127E
1-3,-9.1550282E-6+3.4056076E~6/

5=T/10).0

IF (S.6T.56.4T7286} RETURN

V=ALOG{P)

SS=AL+ [AZ+{ A3+ (AG+(ASH+ALHV ) RV )5y ) &Y J &Y
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If (S.LE.S55) 5=55§

IF {S.LT.2.73) $=2.73
T=1;.50¢ &S

RETURN

END

Methane

The routines for methane are described and presented in reference 3. The compres-
compressibility-factor equation is from reference 15, and the ideal-gas specific-heat
equation is the result of a curve fit of the data in reference 16. The temperature range is
from 70 to 600 K and the pressure range extends to 400><105 pascals.

Even though the card listing of the methane routines is in reference 3, this listing
is included in this report for convenience. The prefix for the deck names is ME. The
subroutine ZETA is not independent, but the combination of subroutines ZETA and

POLY is independent.
C DECK MEZETA

SUBROUTINE ZETA {KK,PP,TT,7)

COMMON /VALUE/ Fil4,4),G(644)

DIMENSION Z(6)

JOUBLE PRECISION FsG3B81,B2,B3,B844B54,A1,A2,A3,A4,A5,E1,E2,PA,TA,THL
1, TH24TH23TH4,01402,03,04,4D5,F1,F2Z,UA,P,T,P1l,P2,U,TLl4RC,EXP.4RB,EXP
2B+2B1+2C1 9 ABL,AB2yAB3,AB4 ) ABSyZA 283 20 ,RBLyEXPBL,S+554PSI14PSIZ,4PS
3I3,PSI&4RCL,EXPCL,PSIS,PSI&,PSIT,PSIA

DATA BlyB2+B34B4,B5,A1,A24A3,A4,A5,E1,E2,PA/G4.914T3574991686D-03,7
1,37664223478550D-06,-1,14587843032923D0-07,5.895102095111410-10,-5.
274382281343532D-13,~2.23983199201882D00,1.343312537412700-03,2.759
3101829336551 0-05,-1.6554697T70535420-07+2.34124562687064D~-10,~4,6002
40000002000D0-02,-2.11770000000000D-10,1.1331800003000000027

DATA TA,THL1,TH2,TH3, TH4401,02:03,04,D5,F1,F2,UA/L1.47T105500C007300
1241.09934666473654D-1491.64873321284064D07,1.07243639762491008,3.6
2644B8B8B245514D-154-3.97760537T104600D00,-1.50622516081086D-22,+4,329
340743732648D0-04,-1.85355607372189D-26,2,.05266315303314D-09,-1.3787
4:330333000003.1.34418460?06000000,1.45511293919343006/

=KK

p=pp
T=TT
PL=P+PA

P2=p1&Pl
U=P2#pP1
Tl=T+TA
RC={FL+F2%p) /T
EXPC=DEXP(RC)

RB=({EL+E2%U)

EXP3=DEXP(RB*T1)

I81=(THL1*P*P2%{U~-TH2 } ={ TH3~-U ) XEXPB /T

IC1={DL+(D2+{D3+(D&G+D5=P %P )P ) %P )RPREXPC/T

IF (KJsEQ.2) 60 TO 1
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ABl1=B1+AY/T

ABZ2=RB2+A2/7

AB3=B3+A/T

AB&G=B4H+AL/T

ABS=BS+AS/T

ZA=1.0D0+(ABL+(AB2+(AB3+{AB4L+ARS%P} %P %P )¥P ) %P

Z{l)Y=ZA+IBY+2(1

IF (K.EQ.O) RETURN
ZA=1.0004(2.0DD*ABL+ (3. 00D%ABZ+{4.0D0*AB3+(5.0D0%AR4+6.000%ABS*P ) *
LP)*p)%p)xp
IB=7B1%(2.000%({1.0DD+P/P1)+3,0D0%P#P2%{E2*T1+1.0D0/(U-TH3)+1,000/¢(
1U-TH2))}

IC={F2%P&2C1+EXPCE{2 ,0DO%D1+(3.000%D2+{4,.000%D3+({5.0D00%D4+6.0D0*D5
1P %P #PY=P ) %P ) /T

2(3)1=ZA+7B+]1C

IF (Ks.EQel) RETURN

RBL=EL+E2%UA

EXPBl=DEXP(RBLI*T1)

ZA=1.0DD+(BL+{B2+(B3+{B4+B5%P)*P )P )*P) %P

IB=RB*T*781

2C=-RL*IC1

I(2)=2A+IB+1I(

S=E2%T1

SS=F2/7

CALL POLY (141sUsTy5)

CALL POLY {142,PT,55]
ZA={BL+{B2/2.000+(B3/3,0D00+(B4/4.,00D0+B5%P/5.0D0)*P)*P) %P} %P
PSTIL=F(ls1)-F(241}4F{3,1)-Fl4,1}

PSIZ2=F(142)=-F(2:2)1+F({3,2)~-Fl4,2)

IB=TH4x{PSIL*EXPB-PS[2*EXPB1}
PSI3=G(1,1)=G(2:2114G(3,1)-G{4,1)451{5,1)-G(6,1)
PSI4=G(1y2)1-G{2:+2)46(3421=G[4,42)+G{(5+2)~G(6,+2)

RC1=FL/T

EXPCl=DEXP(RCLl)

ZC={PSI4*EXPCL-PSII*EXPC}/ T*%2

2(4)1=TA+IB+IC

IF (KaEQe2) RETURN

CALL POLY (2414UsT,45)

CALL POLY (2,24P¢T,4585)

PSIS=F(143)~F{2,3)+F(3,3)-F{4,3)

PSIG=F{ly&4)=F(2,4)+F({3,4)=-Fla,4)
PSIT=G{1s3)=G{2,3)4G(3,3)-G{443)+5(5,3}-G(6,3)
PSIA=G(1lea)=G(2,414¢G13,4)=G{4,4)4G6(55;4)-Glb6,44)
ZA==(AL+{A2/2.0DD+(A3/3.0D0+{ A4/ 4, DDO+ASP /5,000 )%P)*P %P} *P/T
I8=THGa(PSIS*EXPB-PSIL*¥EXPB])

IC=(PSIBXEXPLL-PSIT*EXPC )/ T%%2

Z(5)=7A+2B+IC
ZB=TH4oTH(EXPBR{RB*PSI1~(F{l41}-2.0D0%F(2,11+3,000%F(3,1}-%.0D0%F(
14,1))/TLY-EXPBL*{RB1*PS12-(F(1,2)-2.0D0*F(2,2)43.0D0%F(3,2)-4.0D0%
2F(4,2)3/T1}))

0= (EXPC*({2,0DO+RC}I*PSI3-G{1,1)+2,0D0*G(2,1)-3.000%G(341)+4.0D0*5
10%s1)-5.%G({5,1)+6.,0D0%G{ 6411 }—EXPC1*{(2.0D0+RC1}I*PSI4-G{1,2)+2.000
2*6(2:2I-3.DDD*G(3;2)+4.000*Gl4|2]“5.000*615,2’+6.UDD*516,2Ill/T**Z
216)=1B+1C

RETURN

END

71



C DECK MEPOLY

72

SUBROUTINE POLY (J4K,PP,TT,CC)

COMMON /VALUE/ F(43%),G(6s%)

DIMENSION A(7,2), BL16,2)

DOUBLE PRECISION PPy TTyCCyFyGyAsByAAyAByUA,DLoD2903,0%sD5,PyT4CloC
125C34C44C5,C6,V1,V2,V3

DATA B/5.48429563564224D03,1.54210957155370D001,-6.17182239272157D-
101,3.13762297202746D~03,-5.321995490752350-06,2. 75942703621 4580-09
2+-1.23436447854431D00,9.41286891608238D-03,41.88257378321648D-02,-2
3,128793196300950-05,-6.386394588902860~05,-1,27727891778057D-04, 1.
437971351810729D0-08,5.51885407242917D-08,1.655656221728750-07,3.311
5312443457500-07,5%0.0000,2,75942703621458D-09, 6¢0.0000,1.379713518
610729D-08,5,518854072429170-08,1.655656221728750-07+3.311312443457
7500-077

DATA A,AA,AByUA,D1+D2,03,D44D5,V1,V2,V3/8.13389656644895013,-5.317
142860549802006,1.97994920826647D-02,2.11770000000000D~10,3.9598384
216532930-02,6.353100000000000-10,1,270620000000000-0943%0,3D00,2.1
3177000)0000000-10,0.0000,6.35310000000000D-10,1.270620000000000-39
4y1.76816150742336015,1.23730971890897D08,1.45511293919343D36,-3.97
5760537104600000+-1.50622516081086D-0244.32940740732648D-04,-1. 8535
656073721B9D-06,2.05286315303314D~09,7.36440814840596D13,-5, 2584624
73630271D06,4.144787576812730-02/

p=pp

T=TT

Cl=CC

C2=Cl%C1

C3=C1%C2

C4=Clel3

GO TO (1,7),K

GO TO (243),J

N=1

GO TO 4

Al1,2)=A01,1}+AA/T

Al2,2)=A02,1)-AB/T

A{3,2)=A03,1)+1.0D0/7

A{5,2)=2.0D0%A(3,2)

N=2
DO 5 I=1,2
M=2%N=-2+1

IF (M.EQ.2) GO TOD &

FUL,MI=(A{L s NI+{A(Z,N)+{ AL3,N)+A{4,N)#P ) %P }2%P) /(1
FU2ZoM)=(AL2,NI+LA(S,N)+A(6,N)I=P}*P)/C2 .
FI34M)={A{5,N}+A(T,N)*P)/C3 ' /
Fla,MI=AIT,N)/C4

P=UA

RETURN

F(l,2)=v1/C}

Fl2,2)=v2/C2

F(3,2)=V3/C3

Fl4y2)=F(4,1)

RETURN

CH=C4*(1

L6=C5%(1

GO TO {8,9),4

N=1

G0 TO 10

Bll,2)=B{1,1)+T*Dl

B(2,2)=812,1)+T*D2

B(3,2)=B{3,1)+T%D3
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Bl&,2)=Bl4,1)+T%D4

BU5,2)=B{5,1)+T#D5

8‘712)=B'3|2)*2-°DD

B(B,2)=B(4,2)%3.0D0

Bl9,2)=B(B8,21%2,00D0

B(1742)=B(5,2)%4.,000

B{l1,2)=R{10,2)%3.000

Bl12,2)=B{11,2)%2.0D0

N=2

M=2%N-1
G(lrﬂl=(B(1,Nl+lB(2'Nl+(BI3:NI+{B(4,Ni+(3(5.Nl+B(6.N)#P)*PI*PI*P)*
1Py /C1
G(Z:H)=|BlZ.Nl*lB(71Nl+(BlB,N!+(8(10'Nl+8113.N1*PD*P)*P)*P)IC2
Gl3rHl=iB(7,ND+IB(9qu+{Bl11;N)+B(14,N)*P)*P)'Pl/C3
Cia,M ={B{I N} +{(BL12,N}I+BL15,N)*P}*P ) /L4
GI5,M)=(B{1Z2,NI+B(L6,N)I*P) /(5

GlaMy=BL16,N}/CE

M=M+]1

G{LsM)=B(1,N)/Cl

G(2+M)=BL2,N)/C2

G{3,MI=B(T,N)/C3

GlasMI=Bl9 ,NI}/Co

G(5sM)=RBI12Z,N}/C5

G(HM)=B{1l6,N}/CH

RETURN

END

C DECK METEMP

DOUBLE PRECISION FUNCTION CP(T)

DOUBLE PRECISION SI{2),HI(2],5

DIMENSION A(943,2)

DATA Af2.5771104E“6"2-240731E—4.-4.6776567E-4'T.7524692E-3:1-3207
13475*3,-5.9327343E-2..1053479,—6.7124682E-2;3.0159729.3.2213835-7'
2-3-2311157E—5'-7.7960945E-511.5504938E-3;2-5518363E“4'-1.99424435-
32'5.2673955-2.—6.7124632E-2|3.0159729.2.363456E-7'-2.3009762E*51-6
#-68235575-5g1.2920732E—3'2-0414694E-4,*1.4956836E‘2,3.51159675‘21-
53.35523415-2|3-015972912.17713025-61'3.69247635'5:lo2043213E-4s1-7
6546467E‘3'-1-7244397E-2'1.3825512E'2g.45@3938,'1.6311527,4.5334732
7yZo7214128E—7,-5.Z7496695‘612-00803555-5’3.5092934E'4!'4.3112242E'
33,6-2?517075-3:.2251994,‘1.631102714-583470212.4190336E-71‘#.61559
96E-611.7211?33E-532-9244112E-4.-3.4489794E*3'4.7063785*3'.i5013293
$,-+81555135,4,5834T02/

DATA SI’HI/13066792402732497,19.90397437890906'-2-176323905587196y
1-110.4372755187238/

K=1

N=1

IF{T.GE.253%.T8B2B)N=2

S=T/1.,0D2

CP=Al1l,KyN)

DO 2 J=2,8

CP=CPES+A{ K4 N)

GO TO (344451 ,K

CP=CPES+A{9,14N}

_RETURN
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ENTRY LISIT)
K=2
Go TO 1
& CP=CP%S+A19,2,N)%DLOG(SI+ST{N)
RETURN
ENTRY CH(T)
K=3
GO TO 1
5 CP=TH(LP*S+A(9,43,N))+HI{N)
RETURN
END

L DECK MELDG

LOGICAL FUNCTION LGFN(P,T,J,2)
COMMON 7LDATA/ XKV,R,XMW,RC;02.0
DIMENSION Z2(5)
$=7/13).9
J=1
LGFN'—"- TRUE.
IF (P-GT.4.1E7.DR.P.LT.U.I-UR.S-LT.-69-0R.S-GT.6.1-DR.Z(l].LE.3.0-
10R.ZE2)VLE.D2D.OR.Z{3),LELD.O) RETURN
IF (S.6Tel.9077) GO TO 1
PLOG=8430516+(-2.961-0.8/5}7S
IF {5.5F.1.1883) PLOG=PLOG+D.257*{S/1.1883-1,0)%%].32
IF (PuGTXKVHEXP{2.3025851*PLDG)) RETURN
1 J=0 :
LGFN=, FALSE.,
RETURN
END

C DECK MEDATA

BLOCK DATA

COMMON /LDATA/ R{5)

DATA RII.G,518.2562,16-04303'8.745139E-4,5.6,1.3333333/
END

C DECK METLG

SUBROUTINE TLOGIC (P, T)

JATA AI'AZyA3,A4.A5.A6,A7.A8,A9/53.88758-1.82535?7:0.18723912'1-57
10661E-5'*B.7451662E-4:1.2470553E~4,9.480861?E-6'-1.280319E-6,4.544
26557E-8/

IF (T.GT4190.77) RETURN

V=ALOG(P)



S=ALH{AZ+ (AZ+(AG+{AS+(AG+(ATH{AB+AGHV ) EV )RV )XV )EY IEVIEY) 2V
IF (T-LT.S, =5

IF (TalTa69.0) T=69.0

RETURN

END

Natural Gas

The routines for natural gas are described and presented in reference 3. The tem-
perature is from 200 to 400 K, and the pressure range extends to 100><105 pascals. The
composition of natural gas is assumed to consist of alkanes containing from one to six
carbon atoms and the dilutant gases N, and C‘Oz. The alkanes C 4H10’ C5H1 9 and
C GHI 4 can have more than one molecular configuration. For these cases, the assump-
tion is made that each molecular configuration, for a given gas, is equally probable.

The reference state for the enthalpy and entropy is that of the ideal gas at a temper-
ature of 200 K and a pressuare of 1><105 pascals.

Since natural gas is a mixture of many gases, an additional subroutine, whose deck
name is NMCOMP, is necessary. This subroutine supplies composition-dependent con-
stants to the other routines. For a given composition, this subroutine has to be refer-
enced only once in the main program. This reference has to occur prior to a reference
to either RWEDG or RNS. The reference to this subroutine is

CALL BDATA(X)

where X is an eight-element array whose elements are proportional to the mole frac-
tions of the natural-gas components. The order in which these components appear in the
array is as follows: CH4, CZHG’ CSHS’ C4H10, CSHIZ’ CBHM’ N2, and COZ' The
natural-gas routine, as distinguished from the other routines, requires input of these
values of X as additional data.

Even though the card listing of these routines is in reference 3, this listing is
repeated here for convenience. The prefix for the deck names is NM. The subroutine
NMZETA is not independent; but the combination of NMZETA, NMPOLY, and NMCOMP
is. The routine NMTEMP is not independent, but the combination of NMTEMP and

NMCOMP is.
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C DECK NMCOMP

76

SUBRODUTINE 8DATA (X)

DIMENSION X(B), MOL{8), XMOL(B), 5(8}), HIB), CPi8,8), T(8B), P(8),
1RHD(B)

COMMON /LDATA/ XKVyR MH,RC,D2,6

COMMON /PDATA/ F(9)}/ZDATA/PC,TC,RHOC/TDATA/A(B,3),HI,S1

REAL MOL.MHW

DATA MOL,XMOL/16.043,30,07444.,09735B.124%472.1514B6.178,284013,44.0
1142.77527262+3.403528,3,78639175,4,06264T4B,4.2T876115,4.45641492,
23,33265869,3,.78441688/

DATA CP/2.7998255,.4284998,~,2751805,2.5821711E-2,2.4165792E-2,-2,
15163737E-3,~B,2465805F-4,1.,1523272E-4,-9.8533835,19,657673,-10.186
2582+1.826T443,.2463581,-.1202048,1.0807487TE~-2,0.0,-16.T796807,29.08
34569,-13.810883,2.21983274.3655141,-.1532602,1.296668E-2,0,0,~1,81
42294645.,66409794-.907714,,14635233,.034644782,-0171959T74,1.7660626
SE=340.0¢~3a359B014sT 44196271 4-2T7266T714.045531828,4%0.04-a5379224,45
6.6539353,.3607T859,-. 1684308, .015475231,3%0.0,2.,501146,-9,720581E-3
7'10D36356E'2"4.437258E_3'6-325596E'413*0-D'2.504468""-.5085567’.4
8840302+~3.730571E~2+-2.522643E-246414014T75E-3,-64,116635TE-4,0.2/

DATA S5,H/-2.42592233,-16.T22706,~24.4685144,-7.4352313,-9.T108B6973
1e-9.626405754,-1,20430845,-.54815092,-794.255051,~224.353146,43,254
268:-T92.772573,-836.398938,~-1261,94398,-699.709835,-702.986595/

DATA PyTyRHO/ 44 626ED+4eBO4EL % 25TEG,3,T22E64+43.299E643.149E6,3,398
lE6 s Te358E64190774305.56,369.974416.T9454.64499,74126.135,304.20,1
262.5492)3.24220.59224.44235.0,236.7+311.0,468.0/

XX=042

DO 1 N=1,8

XX=XX+X{N)

DD 2 N=1,8

FINI=X{N)/XX

FI)=F{B)-F(T)/2.04¢F(2)+2,0%F{3)43.0%F(4)+4.0%F{5)+5,0%F(56)

PC=0.0

TC=0.0

RHOC=0,0

SI=0.0

Hi=0.0

MW=0,2

DD 3 N=1,8

SI=ST+F(N)*{S(N)-XMOL{N))

HI=HI+F({N}*HIN)

MU=MW+F (N} EMOLI{N)

PC=PC+F(N)*P(N]}

TC=TC+FIN)®TI(N)

RHOC=RHOC+F{N)*RHOIN)

SI1=SI+ALDG(MNW)

PC=P(L)/PC

TC=T(1}/7C

RHOC=RHO(1) /RHOC

DO 5 N=1,8

NN=9=N

A{NNy1)=0.D

DO -‘:r H=1,8

A{NNGEI=A(NN,1)+F(M)*CP(N,M)

XN=N~L

1F (XNOEQDDID' XN=1.0

A{NN,2)=A{NN,1)/XN

A[NN+31=A(NN,L)/FLOATIN)



R=8314.41/MNW
RC=5.45105E-5%MW
RETURN

END

C DECK NMZETA

SUBROUTINE ZETA (KK.PP,TT,1Z)

COMMON /VALUES Fl4a,4),Gl6,4)

COMMON /ZDATA/Z PC,TLRHOC

DIMENSION Zt6)

DOURLE PRECISION FyGyeB1l9B2¢B3,B4485+A1L4A2,A3,A4,A5,E14E2,PA,TA,THI
1, TH2 3 TH3 3 THG D1, 02,03,D4,05,F1 4 F2,UA,P 4T P1,P2,U,T1,RCEXPCRBLEXP
2B,7B1,2C1,AB1,AB2,AB3,AB4, ABS, ZA+ 2By 2C+RBL,EXPBLyS+S5S,PSIL,PSIZ2,PS
313,PSI4+RCLLEXPCL,PSTIS,PSI6,PSIT,PS5IB

DATA BlyBZ2:B33B4yB53 Al4A23A3,A43A5,E1,E24PA/4.914735T7T4991686D-03,7
1.37664223678550D0-06,~1.145878430329323D-0745.895102095111410~-10,-5.
2T4382281343532D-13,-2.23983199201862000,1.34331253741270D~-03,2.759
310182936551 0-05,=1.655469T70535420-07,2.34124562687064D-10,-4.6002
4Q0D00020000-02,4-2.117700C0000000D~10,1.13318000000000D02/

DATA TA,TH14TH2,TH3,TH4,D1,D02,D3,D4,D5,F1,F2,UA/1.47710550000000D0
12,1.09934666473654D-14,1.64873321284064007,1.0724363976249100B,43.6
264488882455140-15,-3.97T6053710460000D,-1.506225160810860-02,4,329
360740732648 D-04,—-1.8535560T372189D-06,2.052863153033140-039,-1.3787
49330D3)000003,1.34418460000000D000,1.45511293919343D047

K=KK

P=ppP*RHOC

T=TT%TC

Pi=P+PA

P2zP1*Pl

U=P2#P1

Ti=T+TA
RC={FL+F2%P}/T

EXPC=DEXP{RC)

RB=(EL1+E2%U)

EXPB=DEXP({RB%T1)

ZBl=(THL*P*P2x{U-TH2 ) %={ TH3~U ) *EXPB}/T

IC1=(DL+{D2+{0D3+{04+D5%P ) kP ) %P ) XP } *PXEXPC/T

IF (KsEQe2) GO TO 1

ABL=BL+AY/T

AB2=82+A2/T
AB3=B3+A3/T
AB4=B4+AL4/ST

AB5=85+AS/T

IA=1.000+{ABL+{AB2+( ABI+(AB4L+ABS*P} %P ) *P }¥P ) %P

2{1)=1A+ZBl+Z(C1

IF (K.EQ.0) RETURN

IA=1.000+{2.0D0%ABL+ {3, 0D0%AB2+{ 4. 0D0*AB3+({5.,.0DD*AB4+6,0D0®ARS*P )%
LP) %P ) %P ) %P

IB=ZB1%(2.0D0%(1.0DD+P/P1)}+3,000%P*P2%(E2%T1+1,000/CU-TH3)+1.003/1(
1U=-TH2) )}

IC=(F2%PxZL1+EXPC*{2.0D0%DL+(3,0D0%02+(4,.0D0%D3+(5,0D0%D4+6,003%D5
1¥P) %P} %P} %P ) %P} /T
2(3)=7Za+28B+1C

IF {KsEQu1l) RETURN
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RBL=EL+EZ2*UA

EXPBLI=DEXP(RBL%#T1}

ZA=1.000+(Bl+(B2+{B3+({B4&+A5%XD ) %P )P} %P ) %P

IB=RB%T*78]

IC==-RO%IC1

I{2)=ZA+IB+IC

S=£2*T1

58=F2/7

CALL POLY (1lelsJsT4S)

CALL POLY (142+4P5T455)
IA=(BLl+{B82/2.0D0+1(83/3.000+{B4/4.,000+B5%P/S . DDQI2PI%DP) %P &P
PSI1=F{l,1)-F(2,1)+F{3,1)-F(4,1)

PSIZ2=F{142)=-F({2,2)4F(3,2)-Fl4,:2)

IB=TH&&(PSI1*EXPB-PS 1 2*EXPB1)
PSI3=G{141)-GI(2,1045(3,1)-G{4,1)1+G{5,1)-G(6,1])
PSI4=Gl1421=G(242)45(3:2)=G(4:2)+G{5,2)}~G(6,2)

RC1=F1/7

EXPCL=DEXP({RC1)

IC=APST4.EXPCL=-PSI3*EXPL )/ T2

2{4)=2A+78+7C

IF {KeEQa2) RETURN

CALL POLY (241sUsT45)

CALL POLY {(2,2+P3T,455)

PSIS=F{1ls3)-F(243)+F(3,3)-F(4,3)

PSI6=F{l,4)-F(244)4F{3,4)-F(4,4)
PSIT=501+s3)1-G(2,3)4G13,3)-G{4,3)}4G(5,3}~-G({643)}
PSI8=6Glls4)-Gl2+4)4G(3,4)-G(444)+5(5,4)-G(H44}
IA==(AL+{A2/2.000+CA3/3. 0D+ (A& 4., DD0*ASP/5,0D0)%P)I%PI%P)%P/T
IB=TH&G&(PSIS*EXPR-PSI6%CXPB])}

IC={PSIB*EXPL1-PSIT*EXPCI/T%%2

Z(5)=IA+ZIB+IC

IB=TH&:Tx (EXPB*{RB¥PSI1-(F(1l,1)-2.000%F(2,1)+3,.000%F(3,1)1-4.0D3%F(
14,1 ) )/ TLY-EXPBLI*(RBL*PSI2=-{F(1,2)~2.0D0%F(2,2)+3.,0D0%F(3,2)-4.0D2%
2F{a,2)/T1) )
ZC=(EXPL*({2.0D0+RCI%PSTI3~G(1,1)}+2,0D0%G(2,1)1-3,0D0%G{3,1)+4,000%G
LiGel)~5.%G(5,1146,0D0*G( 64 L) 1-EXPCL*((2,0D0+RCLI*PST4-5(1,21+42,0DD
228G (2421 =3.0D0%G(3,2)+4,000%G{442)-5.0D0%G(532)+6.0DO%G(6,2)}))/T%%?
2{6)1=1B+17C

RETURN

END

C DECK NMPOLY
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SUBROUTINE POLY {JeK4PP,TT,CC)

COMMON /VALUE/ Fl4y%),G(6,4)

DIMEMSION A[T,2)y Bi{16,2)

DOUBLE PRECISION PPy TT+CCyFyGyA,B,AA,AB,UA,D1,D2,03,D4,05,P,T,C1,C
12,034049C5,C64V1igV2,V3

DATA B/5,48429563564224D03,1.54210957155370001,-6.171822392721570-
101,+3.13762297202746D~03,-5,32199549075239D-06,2,759427036214580~-99
2;-1.2343644?854431000,9.41286891608238D-03-1.882573783216480-02.-2
25%53132%36308950-05,-6.386394588902860-05,-1.277278917780570-04.1.
5312443457;07230-0815.518854072429170-08-1.655656221728750-07v3-311
EELIN DD-uT,5*0.oueo.2.759427036214580~e9.6¢c.9000,1.379713513
2 0'0915.518854072429170-08v1.655656221728750*07.3.311312443457



ic

500-07/

DATA A,AA,AB,UA,D1,D2,D03,04,05,V1, V2,V3/B.13389656644895D13,-5.317
142863549302006,1 9799492082664T0-02,2.11770000000000D0-10,3.,9538984
21653293D-02 ,6,.353100000030000-1051.2706200000G0000-0943%0,2D0d,2, 1
3177092330000000-10,0.0000,6,353100000000000-10,1.270620000030%300-09
4,1.768316150742336015,1.23730971890897008,1.45511293919343006,-3.937
57605371046009001‘1.506225160810869*0214.329407437326480-04'-1-8535
656073721890~06,2.05286315303314D-09,7.364408148640596D13,~5,2584624
13630271026, 4%.144T8T9T6812T73D-02/

p=pp

T=TT

Cl=CC

C2=C1%(C1

Ca=Ci%x{2

C4=Cl=(3

GO TD (1+7),K

GO TD (2,3),J

N=1

GO TO &

All,2)=AL1,1)+AA/T

A(2¢2)=A(2,1)~AB/T

A(3,2)=A{3,1)1+1.000/T

A{S5,21=2.0D0%A(3,2)

N=2
Do 5 1=1,2
Mz2&N=-2+1

IF (M.,EQ.2} GO TD &

FULyMI={ATL  NI#[A(Z, NIHT{AL B NI +A(G,NIZPIXP )P} /(]
FU2,M)=(Al2,N}+{AIS, NI+A(6,N)*P %P} /C2
FI3,M)={A(5,N}+ATT NI2P}/C3

Fla,M)=A(T,N)/Ca

P=UA

RETURN

F{l,2)=V1/C1

Fil2,2)=V2/C2

F{3,2)=v3/C3

Fi4.2i=F(4,1)

RETURN

C5=C4%(1

L6=C5%(1

GO TO (8,9}),J

N=1

GO TO 10

B{ls2)=B{1,1)+T*D]

B(2,2)=8(2,1)1+T*D2

B(3,2}=B(3,1)+T#03

Bl4ys2)=Bla,1)+T%*D4

BI{5:2)=B{5,1)+T*D5

BiT7,21=B(3,21%2,000

B(B,?l=B!#.2]*3.0DG

B(9,2)=8(8,2)%2.000

Bil13,2)=B(5,2)%4,0D2

B(11,2)=B{10,2)%3,0D0

B(i12,2)=B{11,2)%2.,000

N=2

M=2xN-1

GUL MI=(BIL NI+ (BL2yNI+(BI3,NI+{BL{GyNI*(BIS,NI+BLOE,NIEPISP)EP)ZP} %
1P)/C1

G{2,MI={BL2,NI+[B{T NI+(BIAyNI+{B(LD,NI+B{L13,N)*P)*P)=P)%P) /(2
Gl3 MI=(BLTyNI+(BII NI+{BIIL NI+B(L&,N)%P)%P}¥P) /L3
Gla,MI=(B{IsN}+(B{I2,NI+B{L15,N)*P)%P}/C4

79



GISsMI={Bl12,N}+B(16,NI%P} /LS
Gib+MI=B(LE,N}/CE
M=M+1

Gl M}=B(l,N}/Cl
GE2,M)=B(2,N}/C2
G(3,M)=B{T,N}/C3
G(4,M)=BLI9,NV/C&
G(5,M)=B(1l2,N)/C5
Gla.M)=BLlLl6,MN)/CE
RETURN

END

C DECKX NMTEMP

DOUBLE PRECISION FUNCTION CP(T)
DOUBLE PRECISION S
COMMON/TDATAZA(B43),HI,5I
K=1
1 5=T/1.3D2
CP=A(1.,K}
DO 2 N=2,7
2 CP=CPES+A({N,K)
GO TO (3,4,5),K
3 LP=CP*S+A(8,1)
RETURN
ENTRY LS5(T)
K=2
GO TD 1
4 CP=CP*S+A{B,2)%DL.OGIS)+SI
RETURN
ENTRY CHIT)
K=3
G0 701
5 CP=TR{IP2S+A(8,3))+HI
RETURN
END

C DECK NMLDG

LOGICAL FUNCTION LGFN{PyT,d,2)
COMMON /ZIDATA/ PC,TC,RHOC
COMMDN /LDATA/ XKV4RyXMW,RC,D2,6

OIMENSION 2(6)
5=T/102.0

J=1

LGFN=, FRUE.

IF (P-GT-I-IET-URoP.LT.O.I-DR.S-LT.1-9.0R.5.GT-4-1.UR.Z(ll.LE-J.O-
LOReZ(2)4LEaD+0.0R.Z(3).LELD.0O) RETURN

S=5=TC

IF (5.6T«1.9077) GD TO 1
PLDG=B.30516+(*2.961-0.8f5l/5+-257*(5f1.1833—1.0’**1-32
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IF (P*PC.GT.XKV*EXP{2,3025851#PL0OG)) RETURN
1 J=0

LGFN=.FALSE,

RETURN

END

C DECK NMDATA

BLOCK DATA

COMMON /LDATA/ R(6)

DATA R{LYIR{5)4R{6I/1.045.6,1.3333333/
END

C DECK NMTLG

SUBROUTINE TLOGIC (P,T)
COMMON /ZDATA/ PC,TC,RHOC
DIMENSION A(9)
DATA A/%.544655TE=8,-1,280319E-6,9.4808617E~641.2470553E-4,-8,7451
1662E-4,1.570661E-5,,18723912,1.8253577,53.88758/
PP=P#PL
TT=T#TC
IF (TT.GT.190.77) RETURN
V=ALOG(PP)
$=0.0
DO 1 N=1,9
1 S=S#VeA(N)
IF (TT.LT.S) T=S/TC
[F(T.LT.190,0)T=190.0
RETURN
END
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APPENDIX E
SAMPLE CALCULATIONS

It is desired to determine the properties of a supersonic air stream. These proper-
ties are the velocity; the Mach number; and the pressure, density, and temperature
under both total and static conditions. Two cases are considered: one uses the routines
in appendix B, and the other uses the routines in appendix C. For both cases, the input
and output variables are in U.S. customary units rather than SI units. That is, pressure
is in psia, temperature in degrees F, density in lb/ft3, and velocity in ft/sec. Appropri-
ate conversion factors are included in the main computer programs.

CASE 1

For case I, the measurements are

(1) The pressure indicated by a total-head tube. This is the total pressure down-
stream of the normal shock.

(2) The stagnation temperature, as indicated by thermocouple probe whose recovery
factor is unity. This is the total temperature downstream of the normal shock.

(3) The pressure indicated by a wedge-type static-pressure probe whose total wedge
angle is 15%. This is the pressure behind the oblique shock attached to the wedge.

These measurements are such that the routines in appendix B and the air routines
in appendix D apply. However, in order to activate these routines, a main computer
program must be written. A typical main program could be

$IBFTC MAINW
COMMON/OUTW/TP(8, 5}, VM(10), CONV(12), Z(6, 5), KODE(11)
REAL M1
NAMELIST/OUT/P2T, T2T, P3,DELTA2, U1, M1, P1T, RHO1T, T1T, P1, RHO1,
1T1,KODE
1 READ(5,0UT)
P=P2T*6894. 73
PP=P3%6894. 73
T=(T2T+459.67/1.8
DELTA=DELTA2/2.0
CALL RWEDG(P, T, PP,DELTA)
U1=VM(3)*3. 28083
M1=vM(1)
P1T=TP(1,1)/6894.73
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P1=TP(1, 2)/6894. 73
RHO1T=TP(2, 1)*0. 0624284
RHO1=TP(2, 2)*0. 0624284
T1T=TP(3, 1}*1. 8-459.67
T1=TP(3, 2)*1. 8-459. 67
WRITE (6, OUT)

GO TO 1

END

The decks that are loaded are as follows; MAINW, RGWED, RGDFW, PGWED,
WDATA, AIZETA, AITEMP, AILOG, AIDATA, and the necessary matrix inversion rou-
tine deck called MINV which is supplied by IBM in their Scientific Subroutine Package.

The input for a fypical case is

P2T Pressure indicated by the total head tube, 1027 psia
T2T Temperature indicated by a stagnation thermocouple, 83. 4°F
P3 Pressure indicated by a wedge-type static-pressure probe, 354 psia

DELTAZ2 Wedge angle, 15°

The output for this case is

Ul Velocity, 1517 ft/sec

M1 Mach number, 1. 702

PIT Total pressure, 1186 psia
RHOLT Total density, 5.902 Ib/ft>
T1T Total temperature, 86. P F
Pl Pressure, 241.1 psia
RHO1 Density, 2.005 lo/ft>

T1 Temperature, -119,1° F

CASE II

For case II, the flow issues from a supersonic nozzle attached to a plenum. The
assumption is made that the flow is isentropic and one dimensional from the plenum to
the nozzle exit. The measurements are

(1) The pressure in the plenum. This is the total pressure.

(2) The temperature in the plenum. This is the total temperature.
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(3) The pressure indicated by a total-head tube. This is the total pressure down-
stream of the normal shock.

The measurements are such that the routines in appendix C and the air routines in
appendix D apply. However, in order to activate these routines, a main computer pro-
gram must be written. A typical main program, which is similar to that in case I,
could be

$IBFTC MAINNS

COMMON/QUTNS,/TP(8, 4), VM(6), CONV(9), Z (6,4), KODE(8)

REAL M1

NAMELIST/QUT/P1T,T1T, P2T, Ul, M1, RHOIT, P1, RHO1, T1,KODE
1 READ(,QUT)

P=P1T*689%4. 73

PP=P2T*689%4. 73

T=(T1T+459.67)/1.8

CALL RNS(P, T, PP)

U1=VM(3)*3. 28083

M1=VM(1)

P1=TP(1, 2)/6894. 73

RHOIT=TP(2, 1)*0.0624284

RHO1=TP(2, 2)*0. 0624284

T1=TP(3, 2)*1. §-459. 67

WRITE (6, OUT)

GO TO 1

END

The decks that are loaded are as follows: MAINNS, RGNS, RGDFNS, PGNS,
NSDATA, AIZETA, AITEMP, AILOG, AIDATA, and the necessary matrix inversion
deck called MINV supplied by IBM in their Scientific Subroutine Package.

The input for this case is

P1T Plenum pressure, 1186 psia
TIT Plenum temperature 86.7° F
P2T Pressure indicated by a total head tube, 1027 psia

The values of P1T and TI1T are given the same as those calculated in the previous
case, also the value of P2T is the same as in the previous case.
The output for this case is

Ul Velocity, 1517 ft/sec
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M1 Mach number, 1. 702

RHO1IT Total density, 5.902 lb/ft>
Pl Pressure, 241.1 psia
RHO1 Density, 2.005 Ib/tt>

T1 Temperature, -119.1° F

The results for this case are the same as in the previous case, as would be expected
from the input. This similarity constitutes a good check on the validity of the routines
in appendixes B and C.
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